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Abstract
The measurement of the elemental and isotopic composition of the noble gases trapped in 
mantle-derived basalts erupted in the oceanic environment has provided important 
constraints upon the origin and evolution of the terrestrial atmosphere, and upon the 
degree, rate, and timing of outgassing of the earth's mantle. These studies also have 
shown mantle-derived samples commonly contain a significant atmosphere-like 
component of heavier noble gases (Ne, Ar, Kr and Xe). Simple theoretical modelling 
presented in this report indicates that interaction between seawater and ascending magmas 
is a plausible mechanism to introduce this atmosphere-like component of heavier noble 
gases to basalts erupted in the oceanic environment. It is therefore suggested that in many 
cases the observed isotopic compositions of the heavier noble gases in mantle-derived 
samples may be strongly affected by the addition of an atmospheric component, making it 
difficult to identify the mantle source composition.
In contrast to the previous investigations of the noble gases in mantle-derived 
samples erupted in the oceanic environment, the study of noble gases in subduction 
systems has been almost entirely restricted to the measurement of ^Hey^He isotopic ratios 
in arc-related hydrothermal fluids and fumarolic gases. In an attempt to extend the 
available data set to include all five noble gases in arc-related samples, this thesis reports 
the elemental and isotopic compositions of the noble gases (helium, neon, argon, krypton 
and xenon) trapped in phenocrystic and xenolithic olivine and clinopyroxene samples 
extracted from subduction-related and intraplate basalts from North Island, New Zealand, 
and from subduction-related basalts from the Tonga - Kermadec Ridge and Vanuatu Arc. 
In addition, the noble gas compositions of two submarine back-arc basaltic glasses from 
the Havre Trough are presented. These samples were chosen in the hope that they might 
trap ambient mantle-derived noble gases before their host magmas equilibrated with the 
atmosphere.
The 3He/4He ratios of the majority of samples range between MORB-like values 
of 12 x 10'6 to atmosphere-like values of about 1.4 x 10'6. These results are entirely 
consistent with the previous studies of 3He/4He ratios of arc-related fluids. Several 
samples have notably higher 3 He/4 He ratios of between 16 x lO 6 and 36 x lO 6 which 
are attributed to the production of cosmogenic 3He in the samples since eruption. The 
neon and argon isotopic compositions of the majority of samples are atmosphere-like, 
with a number of samples showing non-atmospheric 40A r/36Ar, 20N e/22Ne and 
21N e/22Ne ratios (up to 700, 10.3 and 0.044, respectively). The non-atmospheric 
21Ne/22Ne ratios in some cases are attributable to the production of cosmogenic 21 Ne in 
the samples since eruption. Excluding the samples affected by the production of 
cosmogenic 21Ne, the non-atmospheric 40Ar/36Ar and 21Ne/22Ne ratios are correlated, 
and reflect the presence of a component of radiogenic 40Ar and nucleogenic 21Ne 
produced within the earth. The krypton and xenon isotopic compositions of the samples 
are indistinguishable from atmospheric.
The observed variations in the noble gas composition of these samples can be 
accounted for by mixing of three noble gas components: (i), a mantle-derived component 
having a MORB-like 3He/4He ratio of about 12 x 10-6, (ii), a radiogenic 4He-rich 
component with a low 3He/4He ratio (< 1 x 10*6) derived from crustal materials, and 
(iii), a helium-poor atmosphere-derived component which dominates the heavier noble 
gases (Ne, Ar, Kr and Xe). By combining the helium and argon isotopic results it is 
possible to deconvolve the relative contribution of each of these components to the total 
40Ar observed in the samples; atmosphere-derived 40Ar in generally dominant, 
accounting for greater than 50 percent of the 40Ar in the majority of samples, with 40Ar 
derived from the MORB-like component typically comprising the major part of the 
remaining 40Ar. Crustal-derived 40Ar seldom contributes more than ten percent of the 
to ta l40 Ar.
The MORB-like component is believed to be derived from upper mantle material 
of the mantle wedge. In contrast the crustal and atmosphere-derived components may be 
introduced to the samples in a least two ways: (i), by the release of crustal and 
atmosphere-derived noble gases from the downgoing slab as it dehydrates and possibly 
partially melts, and (ii), by interaction of the ascending magma with the rocks and fluids 
of the crust of the overlying volcanic arc. At present it is not possible to distinguish 
which of these two possibilities is likely to be dominant. Based on necessarily poorly 
constrained estimates of the flux of subducted noble gases and the amount of noble gases 
contained within the mantle wedge, it is suggested that subduction could introduce a 
significant component of atmosphere-derived argon, krypton and xenon to the mantle 
wedge over timescales of several million years. In contrast, greater than ten million years 
are required for subduction to introduce significant quantities of helium and neon to the 
mantle wedge. As a result it is tentatively proposed that the mantle wedge could retain its 
initial MORB-like helium and neon isotopic compositions for significant periods of 
geological time.
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1Introduction
"The history o f [science] may without exaggeration be called a history o f collective 
obsessions and controlled schizophrenias"
Arthur Koe stier
1.1. Purpose and Aim of Investigation
Analysis of the elemental and isotopic composition of noble gases (He, Ne, Ar, Kr and 
Xe) trapped in mantle-derived samples erupted at mid-oceanic ridges (MORBs) and at 
intraplate hotspot plumes (e.g. Hawaii, Reunion, Samoa), has provided important 
constraints as to the geochemical structure and evolution of the terrestrial mantle-crust- 
atmosphere system. In contrast, the study of noble gases in subduction-related volcanic 
arcs has been almost entirely restricted to the analysis of the 3He/4He isotopic ratios of 
hydrothermal fluids and fumarolic gases. Such studies have shown that the 3He/4He 
ratios of arc-related fluid samples range from MORB-like values of about 12 x 10'6 to 
values that are lower than the atmospheric ratio of 1.4 x 10'6. This variation in 3He/4He 
ratios has been interpreted by previous workers as mixing of magmatic MORB-like 
helium derived from the underlying mantle with radiogenic helium characterised by very 
low 3He/4He ratios of less than 0.2 x 10'6.
However, the study of noble gases in arc-related fluids suffers two important 
limitations. First, the addition of crustal-derived radiogenic 4He to the fluids as they 
migrate through local crustal rocks is likely to obscure the initial magmatic 3He/4He 
signature of the fluids. Second, the addition of an atmosphere-derived component of the 
heavier noble gases (Ne, Ar, Kr and Xe) to the fluids almost completely dominates any
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magmatic heavier noble gases which may be present. As a result of these limitations, the 
measurement of noble gases in arc-related fluids are unlikely to be representative of the 
noble gas composition of arc-related magmas.
The aim of this project was to attempt to circumvent these difficulties, and to 
extend the noble gas data set for arc-related samples, by measuring the elemental and 
isotopic composition of all five noble gases trapped in olivine and clinopyroxene 
phenocrysts and xenoliths. It was hoped that the olivine and clinopyroxene phenocrysts 
and xenoliths might trap ambient mantle-derived noble gases before their parent or host 
magma equilibrated with the atmosphere. Thus, the noble gas composition of the parent 
and host magmas might be determined, and this information used to place constraints on 
the composition of noble gases in the mantle source of the samples.
2.2. Thesis Organisation
This thesis is divided into three Parts which are outlined in greater detail below.
1.2.1. Part I: Overview
Part I comprises Chapters 2 to 4 and is intended as an overview of the present state of 
terrestrial noble gas geochemistry, and to provide a background for the main part of the 
thesis, the discussion of noble gases in subduction systems.
Chapter 2 presents an introduction to the noble gases and their use as 
geochemical tools, and summarises the range in elemental and isotopic composition of the 
noble gases in the earth's atmosphere and the solar system. Chapter 2 also provides a 
brief review as to how helium and argon isotopic ratios in mantle-derived basalts erupted 
in the oceanic environment have been used to place constraints on the origin and evolution 
of the atmosphere, and the degree, rate, and timing of outgassing of the earth's mantle.
Chapter 3 presents a summary of the neon isotopic data for mantle-derived 
samples, and discusses how the neon results may be used to extend the helium and argon 
data discussed in Chapter 2. However, the interpretation of the neon data is more 
controversial than for helium and argon. As no generally accepted interpretation of the 
neon isotopic compositions of mantle-derived samples has yet been reached, Chapter 3 
provides a review and comparison of two different models which have been proposed: 
the "atmospheric" and "solar" hypotheses.
Chapter 4 investigates whether the interaction of ascending magmas with 
seawater, which carries dissolved atmospheric noble gases, is a plausible mechanism by 
which atmosphere-derived heavier noble gases could be incorporated in basaltic magmas 
erupted in the oceanic environment. This is an important question because mantle-derived 
samples commonly include an atmosphere-like component of heavier noble gases, and the 
interpretation of the heavier noble data for mantle-derived samples depends heavily on
whether it is assumed the isotopic compositions observed in mantle-derived samples are 
representative of the mantle.
1.2.2. Part II: Noble gases in subduction systems
Part II includes Chapters 5 to 10, and comprises the main part of this thesis, the 
discussion of noble gases in subduction systems.
Chapter 5 provides a review of the previous studies of noble gases in arc-related 
samples, and shows how the observation of systematic variations in the ^He/4He ratios of 
arc-related hydrothermal fluids and fumarolic gases has been used to constrain the overall 
transport of mantle-derived helium to the surface in volcanic arcs.
Chapter 6 presents a general overview of the tectonic structure and history, 
geology, volcanology and geochemistry of the regions from which the samples studied in 
this project were collected. These include: (i), the arc-related Taupo Volcanic Zone and 
Alexandra Volcanic Centre, and the intraplate Northland and Auckland Volcanic 
Provinces of the North Island, New Zealand, (ii), the Tonga-Kermadec Ridge, (iii), the 
islands of Arnbae and Ambrym in the Vanuatu Arc, and (iv), submarine basaltic glasses 
from the Havre Trough back-arc basin.
Chapter 7 presents and discusses the helium results obtained in this study, and 
shows these results to be consistent with the previously published helium data discussed 
in Chapter 5. It is argued in Chapter 7, that with the exception of a small number of 
samples which appear to have been affected by the production of cosmogenic 3He, the 
measured 3He/4He ratios are representative of the parent magmas before eruption.
Chapter 8 presents and discusses the neon, argon, krypton and xenon results 
and shows that, with the exception of a small number samples which appear to have been 
affected by the production of cosmogenic 21Ne, the isotopic ratios of the heavier noble 
gases in the samples are likely to be representative of the parent magmas before eruption. 
Chapter 8 combines the heavier noble gas results with the helium data discussed in 
Chapter 7, and argues that the observed variations in the noble gas composition of the 
samples can be accounted for by the mixing of three noble gas components derived from 
the upper mantle, the crust, and the atmosphere.
Chapter 9 attempts to interpret the noble gas results discussed in Chapters 7 and 
8 in terms of the origin and evolution of arc magmas, and presents a schematic model for 
the movement of noble gases through subduction systems. Chapter 9 also attempts to 
consider the effect that subducted noble gases might have upon the noble gas composition 
of the mantle wedge.
Chapter 10 provides a brief summary of the new noble gas data presented in 
Chapters 7 and 8, the interpretation of these results, and the main conclusions of this 
study.
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1.2.3. Part III: Appendices, Acknowledgements, References 
and Enclosures
Part III comprises the appendices, acknowledgements, references and enclosures.
The appendices include: (i), the detailed derivations of some the equations used in 
the theoretical sections of the thesis, (ii), details of the locations, petrographic 
descriptions, major oxide geochemistry, C.I.P.W. normative mineralogy, and ages of the 
samples, (iii), experimental techniques including descriptions of the sample preparation, 
gas extraction and handling, and mass spectrometery, (iv), details of sensitivities, mass 
discrimination, blank and interference corrections applied to the results, and (v), the 
krypton and xenon isotopic results.
The enclosures include reprints of a series of papers which were published during 
the period of this study. These papers represent the basis for a large part of the 
discussions presented in Chapters 3 and 4 of this thesis.
1.3. Sampling
The samples from New Zealand which were analysed for noble gases were collected by 
the author during two trips to New Zealand in 1988 and 1989. The samples from Vanuatu 
and the Tonga - Kermadec Ridge were provided by Drs. S. Eggins and T. Falloon of the 
University of Tasmania, Hobart, and the Havre Trough glass samples were provided by 
Dr. J. Gamble of Victoria University of Wellington, New Zealand.
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Part I
Overview
2Noble Gases : Introduction and Review
"  I f  you can not - in the long run -  tell everyone what you have been doing, 
your doing has been worthless"
Erwin Schrödinger
2.1. Introduction
The formation, structure and evolution of the earth's mantle-crust-atmosphere system are 
fundamental questions in the geosciences. The noble gases are a group of elements whose 
chemistry and varied isotopic systematics offer an unique tool for the investigation of the 
present state and past history of the earth's interior and atmosphere.
This chapter is intended to provide a brief general introduction to the geochemistry 
and isotope systematics of the noble gases, and to illustrate how noble gases may be used 
to study questions related to the formation and evolution of the earth's mantle-crust- 
atmosphere system. The following review is compiled from a range of sources, including 
the comprehensive monograph by Ozima and Podosek [1983].
2.1.1. Description
The noble gases comprise helium, neon, argon, krypton, xenon and radon. Radon, 
however, has no stable isotopes and is only observed in natural systems as short-lived 
intermediate daughter products of the decay of uranium and thorium. Because of the short 
halflives of the radon isotopes (219Rn = 3.9 s, 220Rn = 55.6 s, 222Rn = 3.82 days), the 
study of radon is a specialised field quite distinct from general noble gas geochemistry, 
and will not be discussed herein.
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Table 2.1. Noble gases and their isotopes
Symbol Mean Atomic Mass Isotopes % AMass / Low Mass
He (helium) 4.00 3 ,4 33.3
Ne (neon) 20.18 20, 21, 22 10.0
Ar (argon) 39.95 36, 38, 40 11.1
Kr (krypton) 83.80 78, 80, 82, 83, 84, 86 10.2
Xe (xenon) 131.30 124, 126, 128, 129, 130, 
131, 132, 134, 136
9.7
Rn (radon) 222 222 (radioactive, halflife == 3.82 days)
% AMass / low Mass lists the mass difference between the heaviest and lightest isotopes 
as a percentage of the mass of the lightest isotope.
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The noble gases occupy the eighth column of the Periodic Table and are notable 
for their chemical inactivity. This inert behaviour is a function of the stable electronic 
configuration of the noble gases, where all the orbitals have the optimum number of 
electrons. However, the noble gases (at least the heavier gases krypton and xenon) are 
not completely inert and under high pressures may interact 'chemically', particularly with 
the halogens; for example, the standard enthalpy of formation (AH°f) of xenon 
hexafluoride (XeFö) is a nontrivial -294 kJ m o l'1 [Aylward and Finlay, 1971]. 
Nevertheless it is unlikely interactions of this kind are of any importance in geological 
systems. The noble gases usefully may be thought of as monatomic gases of high 
volatility and diffusivity, and low solubility.
The noble gases are also characterised by very low concentrations in terrestrial 
samples. For example, a typical xenon concentration in igneous rocks is about 1 x 10'11 
cm3STP g '1 (0.000 06 ppb; Ozima and Podosek [1983]). Because of the low abundances 
in terrestrial samples, the noble gases are sometimes referred to as the "rare gases"; this, 
however, is somewhat of a misnomer as argon makes up nearly one percent of the 
terrestrial atmosphere, and helium is the second most abundant element in the universe.
2 . 7.2 . Isotopic structure
The atomic masses and stable isotopes of the noble gases are listed in Table 2.1. The 
noble gases cover a wide range in atomic masses, from 3 amu to 136 amu. Isotopically, 
each gas spans a wide range in masses, as shown by proportional mass differences (% 
AMass / Low Mass) of between 10 and 33 percent. Many physical processes such as 
boiling, vapourisation, diffusion, and solution in aqueous fluids and silicate melts are 
strongly mass dependent. When such processes occur in geological systems, the 
associated mass dependent elemental and isotopic fractionation of the noble gases may be 
a potential geochemical tracer of that process. Hence noble gas isotopic and elemental 
studies are suitable for application to such problems as volatile mass transport in the crust 
and mantle.
In addition to the potential for elemental and stable isotope studies, a number of 
the noble gases have isotopes which are the stable products of a range of nuclear 
processes including radiogenic and fissiogenic decay of unstable parent elements, and 
induced nucleogenic and spallogenic decay of stable parent elements. Since the 
characteristic halflives or production rates are generally well known, these isotopes may 
be used to study the timing of geochemical events, or to identify events which may have 
altered the daughter/parent elemental ratios (e.g. the use of 40Ar as a radiometric 
geochronometer). Table 2.2 gives a summary of the most important nuclear processes 
which lead to the production of noble gas isotopes in geological samples. It is stressed 
that the list of processes summarised in Table 2.2 includes only the most important, and 
is not intended to be a comprehensive review of the complex and extremely varied nuclear
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Table 2.2.a. Important noble gas isotopes produced by radiogenic processes
Isotope Parent Isotope Yield
(atom/atom)
Parent Halflife 
(109 years)
4He 232Th 6 14.010
238u 8 4.468
235u 7 0.704
40 Ar 40K 0.1048 1.25
129Xe 129j 1 0.017
[36Xe 244Pu 7.0 x IO'5 0.082
Halflives from Steiger and Jäger [1977] and Walker et al. [1977].
Table 2.2.b. Selected noble gas isotopes produced by fission
136Xe, l34Xe, !32xe, 131Xe from ™ \J  and 244Pu
S^Kr, 84Kr, ^ K r  from 238jJ
See Ozima and Podosek [1983] and references therein for detailed fission spectrums.
Table 2.2.c. Selected noble gas isotopes produced by nucleogenic processes
Isotope Reaction
3He 6Li (n, a ) 3H (ß-) 3He
Cosmic ray induced spallation'*'
20Ne n o  (a,n) 20Ne
21Ne ISO (a,n) 2lNe
24Mg (n,o) 21Ne
Cosmic ray produced spallation'*'
22Ne 25Mg (n, a )  22Ne
From Morrison and Pine [1954], Wetherill [1954], and Kyser and Rison [1982]. 
t  Interaction between cosmic ray induced particles and terrestrial samples has generated 
observable cosmogenic 3He and 21Ne [Kurz, 1986a, 1986b; Craig and Poreda, 1986; 
Marti and Craig, 1987].
processes which generate stable noble gas isotopes. Of particular interest in the following 
chapters is the radiogenic production of 4He and 40Ar from the decay of uranium and 
thorium and 40K respectively, nucleogenic production of 21Ne from the interaction of 180  
and 24Mg with alpha particles and fast neutrons (the 'Wetherill reactions', Table 2.2.c), 
and the spallogenic production of 21Ne and 3He from the interaction of cosmic ray 
induced particles with near surface samples.
2 .1.3 . Noble gases as geochemical tools
As stated, the generally low abundance in terrestrial samples, chemical inertness, physical 
volatility and varied isotopic systematics of the noble gases makes them attractive as 
geochemical tracers. In comparison with other geochemical tracers at least four specific 
advantages offered by the noble gases can be identified:
(a) Chemical inertness and relatively simple physical chemistry theoretically allows 
easier characterisation of the geochemical processes which affect the elemental and 
isotopic composition of the noble gases in geological samples.
(b) With the exception of helium, all the noble gases have at least three stable isotopes 
(Table 2.1). In principle this allows distinction between mixing and isotopic mass 
fractionation processes.
(c) A useful number of the noble gas isotopes are produced by time-dependent nuclear 
processes (Table 2.2). Because these noble gas isotopes are generally present in 
abundances that are very low in comparison with their parent isotopes, the 
production of noble gas isotopes through nuclear processes can have a significant 
and detectable effect upon noble gas isotopic ratios.
(d) The volatile nature of the noble gases makes them direct tracers of earth degassing 
and the evolution of the terrestrial atmosphere.
Despite the analytical difficulties arising out of the low abundances and volatile nature of 
the noble gases, previous workers have demonstrated the ability to measure the elemental 
and isotopic composition of noble gases trapped in terrestrial samples at high levels of 
precision and accuracy. Because the noble gases are direct tracers of volatiles in the 
earth's interior and atmosphere, they have found particular prominence in the discussion 
of earth degassing and the evolutionary history of the terrestrial atmosphere.
2.2. Noble Gases in the Solar System: An Overview
2.2.1. Atmospheric, solar and meteoritic noble gases
The earth's atmosphere is the most easily observed of all noble gas reservoirs. The 
importance of the atmosphere in discussions of the terrestrial noble gases can not be over­
emphasised, as it is probably the largest single reservoir of terrestrial noble gases. It is 
useful to make a simple first order calculation to illustrate this point. By dividing the total 
inventory of non-radiogenic atmospheric noble gases by the mass of the earth it is 
possible to calculate the minimum noble gas concentration in the primitive earth. Taking 
the mass of the earth to be 56.8 x 1026g [Armstrong, 1968], and the atmospheric 
inventory of 36Ar to be 1.24 x 1020 cm3STP [Vemiani, 1966], yields a minimum 36Ar 
abundance of 2.18 x 10'8 cm3STP g '1 for the primitive earth. This is two to three orders 
of magnitude higher than the 36Ar concentrations observed in mantle-derived samples 
such as basalt glasses from mid-oceanic ridges which commonly have 36A r 
concentrations in the 10‘10 to 10'11 cm3STP g '1 range [e.g. Allegre et al., 1983, 1986; 
Hart et al., 1983; Sarda et al., 1985; Fisher, 1986; Staudacher et al., 1989; Hiyagon et 
al., 1992]. Leaving aside the question of whether or not the noble gases trapped in the 
glassy rims of oceanic basalts are representative of the bulk composition of the earth's 
interior, this indicates that the terrestrial atmosphere is the largest of all the terrestrial 
noble gas reservoirs.
Noble gases have been studied in a wide range of extraterrestrial samples 
including meteorites, lunar soils, cosmic dust, and the Martian and Venusian 
atmospheres. These investigations have identified two distinctive extraterrestrial noble gas 
components which may be distinguished on the basis of isotopic and elemental 
compositions: solar and meteoritic. Although the fine structure of the isotopic systematics 
in these components reveal complexities which suggest that they may be mixtures of a 
larger number of sub-components, the simple two component classification of 
extraterrestrial noble gases is a sufficient background against which to discuss terrestrial 
noble gases.
Solar noble gases are observed as a surface correlated component in lunar soils, 
gas rich meteorites, cosmic dust, and in aluminium foils exposed to the solar wind during 
the Apollo space program [Geiss et al., 1972]. The solar component is regarded as 
solar gas coming from the sun and physically implanted into the surfaces of 
exposed samples.
The meteoritic component is commonly observed in carbonaceous chondrites 
which are generally considered to be the most primitive objects in the solar system 
available for isotopic study [Ozima and Podosek, 1983]. The meteoritic component was 
initially referred to as 'planetary' because it was expected that the earth's noble gas 
inventory would be composed of gases from the meteoritic reservoir in accordance with 
meteoritic earth models. However, as will be discussed subsequently, there are
significant differences between terrestrial and meteoritic noble gases. The origin of the 
meteoritic component remains controversial, although it now appears that meteoritic noble 
gases are likely to be a mixture of gases derived from both solar and pre-solar sources 
[e.g. Anders, 1988; Swindle, 1988].
2 .2 .2 . Comparison between atmospheric, solar and meteoritic 
compositions
The solar and meteoritic components are defined by the relative abundances of the noble 
gases (Fig. 2.1). The meteoritic gases are distinct from the solar gases in showing a 
major depletion in the light noble gases with respect to the heavy such that the 4He/^°Xe 
ratio in meteoritic gases is some four orders of magnitude less than solar (Table 2.3). In 
addition, there are significant differences in the isotopic compositions of helium and neon 
in solar and meteoritic noble gases with the 3 He/4 He, ^ N e/^ N e and 21Ne/22Ne ratios of 
the meteoritic gases being lower than for solar gases (Table 2.3).
The relative elemental ratios of terrestrial atmospheric noble gases are clearly not 
solar (Fig. 2.1, Table 2.3). However, the noble gases in the terrestrial atmosphere show 
a pattem of elemental ratios that is broadly similar to the meteoritic component (Fig. 2.1), 
an observation that in the past has been taken to support meteoritic models of bulk earth 
composition [Ozima, 1986]. Closer scrutiny, however, reveals significant differences 
between the meteoritic and atmospheric elemental noble gas compositions. The greatest 
difference is in the 4He/20Ne ratio, which is approximately three orders of magnitude 
lower in the atmosphere in comparison with the extraterrestrial components (Table 2.3). 
This, however, is readily explained as the earth's gravitational field is insufficient to trap 
helium and continuous loss of helium to space occurs on geologically short timescales 
[Nicolet, 1957; Kockarts, 1973]. Residence times for helium in the atmosphere are in the 
order of several million years [Torgersen, 1989]. The atmospheric inventory of helium is 
therefore a dynamic balance between the flux of helium from the earth's interior and the 
loss of helium to space. The origin of a similar twentyfold depletion of atmospheric 
xenon with respect to the meteoritic composition (84Kr/130Xepianetary = 8, 84Kr/130Xeair 
= 180, Table 2.3) remains problematic, but is thought to either reflect preferential 
retention of xenon within the earth's interior, or that the meteoritic models of bulk earth 
composition do not apply to xenon [Ozima, 1986]. The possibility that the relatively low 
abundance of atmospheric xenon reflects trapping of xenon in sediments or ice is not 
supported by experimental evidence [Podosek et al., 1980, 1981; Bematowicz et al., 
1984, 1985; Wacker and Anders, 1984; Matsuda and Matsubara, 1989].
There are also significant isotopic differences between the extraterrestrial and 
atmospheric noble gas reservoirs. Atmospheric helium is isotopically heavier than either 
of the extraterrestrial components (Table 2.4). This is primarily a function of two 
independent processes: radiogenic production of 4He from the decay of U and Th (Table 
2.2), and the shorter residence time for 3He compared with 4He in the atmosphere.
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Figure 2.1. Elemental ratios of the noble gases 4He/36Ar, 20Ne/36Ar, 84Kr/36Ar and 
130Xe/36Ar in the meteoritic and atmospheric reservoirs with respect to the solar 
composition. Data taken from Table 2.3; solar as observed in lunar soil ilmenites 
[Eberhardt et al., 1972] and meteoritic as observed in CII meteorites [Mazor et ai, 
1970]. Note the strong relative depletion of the light noble gases with respect to the 
heavier noble gases in the atmospheric and meteoritic reservoirs in comparison with the 
solar reservoir, and the depletion of helium and xenon in the atmospheric reservoir in 
comparison with the meteoritic reservoir.
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Table 2.3. Relative noble gas elemental abundances
Component 4He/20Ne 20Ne/36Ar ^ A r/^ K r 84Kr/130Xe 4He/130Xe
Solar Wind0 600 37
Solar (lunar soi\)b 253 27 1590 38 4.1 x 106
Meteoriticc 220 0.28 80 8 3.9 x 104
Earth atmosphere^ 0.32 0.52 48 180 1.4 x 103
a Geiss et al. [1972] 
b Eberhardt et al. [1972] 
c M azoretal. [1970] 
d Verniani [1966]
Table 2.4. Helium, neon and argon isotopic compositions
Component 3He/4He (10‘6) 20Ne/22Ne 2'N e/22Ne 38Ar/36Ar
Solar Winda 400 (40) 13.6 (3) 0.032 (4)
Solar (lunar soil)^ 370 (10) 12.9 (1) 0.0313(4) 0.1876 (10)
Meteoriticc 140 (20) 8.2 (4) 0.024 (3) 0.1883 (17)
Earth atmosphere^ 1.40(1) 9.80(8) 0.029 (4) 0.1880 (4)
a Geiss et al. [1972] 
b Eberhardt et al. [1972] 
c Black and Pepin [1969]
d Eberhardt etal. [1965], Mamyrin etal. [1970] and Nier [1950a] 
Numbers in brackets list 1 a  uncertainty in last quoted digits
Recent estimates of the residence times, T, for the isotopes of helium are: T(3He) = 0-4 to 
0.8 Ma, and T(4He) = 0-9 to 1.8 Ma [Torgersen, 1989]. In such a dynamic system the 
atmospheric ^He^He ratio will change as a function of the relative flux rates of 3He and 
4He to and from the various sinks and sources of terrestrial helium (see Torgersen [1989] 
for a review of the sources and sinks of terrestrial helium).
The isotopic composition of atmospheric neon also is clearly distinct from the 
extraterrestrial components. Atmospheric 20Ne/22Ne and 21Ne/22Ne ratios are lower than 
in the solar component, but greater than in the meteoritic component (Table 2.4). 
Similarly, atmospheric xenon is different isotopically from the extraterrestrial components 
in that it is depleted in the light isotopes (Table 2.5, Fig. 2.2). Thus, it is clear that the 
noble gases in the present-day atmosphere are quite different from the solar and meteoritic 
components.
2.3. The Origin of the Terrestrial Atmosphere
2.3.1. Degassing of the earth
The earth's primary atmosphere is believed to have been compositionally very different 
from the present atmosphere, consisting probably of a weakly reducing mixture of CO2 , 
CO, N2  and a little H2  [Owen, 1978]. The primary atmosphere must have been dissipated 
to space early in the earth's history. Various processes have been suggested by which this 
might have occurred, including stripping by a strong solar wind during the T-Tauri phase 
of solar evolution [Cameron and Pollack, 1976], and thermal escape from a hot proto­
earth [Barbato and Ayer, 1981].
Instead o f a primary origin, the terrestrial atmosphere is demonstrably of 
secondary origin, formed through the outgassing of the earth's interior. Von Weizsäcker 
[1937] suggested that the majority o f argon in the atmosphere is radiogenic 40Ar 
produced by the decay of 40K within the earth. The 40Ar in the atmosphere is transported 
from the solid earth to the atmosphere by degassing of the earth's interior associated with 
volcanism.
The observation of radiogenic 40Ar within the atmosphere is extremely important, 
as it indicates that there is a genetic link between the present-day atmosphere and the 
residual noble gases trapped within the earth. The noble gases retained in the earth are a 
remnant of the primordial noble gases initially contained within the earth plus radiogenic, 
fissiogenic and nucleogenic components produced over the last 4.6 Ga. By use of the 
isotopic systematics of selected noble gases it is possible to place first order constraints 
on the timing, rate and degree of outgassing of the earth.
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Figure 2.2. Xenon isotopic composition (referenced to 130Xe) of the meteoritic and 
atmospheric reservoirs expressed as percent deviation from the solar composition 
(A130Xe % = 100 x [{(lXe/130Xe) / (1Xe/130Xe)solar} - 1] where ‘Xe is a xenon isotope). 
Data are given in Table 2.5; solar is as observed in lunar soils and meteoritic is as 
observed in the Murray carbonaceous chondrite [Podosek et al., 1971]. Except where 
indicated the uncertainties are within symbols. Note the extreme depletion of the light 
xenon isotopes with respect to the heavier xenon isotopes in the atmosphere in 
comparison with the solar and meteoritic compositions. The dashed line illustrating linear 
fractionation is intended as a reference and is not a 'best fit' correlation.
2.3.2. The degree of earth degassing
The amount of degassing of the earth can be defined as the proportion of the total 
inventory of terrestrial noble gases which reside in the atmosphere. The degree of 
degassing in principle can be calculated from the K content of the earth by integrating the 
production of radiogenic 40Ar over geological time to estimate the total terrestrial 40Ar 
inventory and then comparing this value with the observed atmospheric inventory of 40Ar 
to yield a measure of the degree of earth degassing.
This calculation is critically dependent upon the assumed or estimated K 
concentration of the bulk earth. A reasonable upper limit for the K concentration in the 
earth is provided by chondritic meteorites. On this basis Turekian [1959] assumed the K 
concentration for the earth to be 880 ppm (note that more recent estimates of the average 
K content of Cl chondritic meteorites give lower values of about 560 ppm [Anders and 
Grevesse, 1989]), and calculated the degree of earth degassing to be only 12 percent. 
However, there is a significant body of evidence to suggest that the K content of the earth 
is significantly lower than the chondritic value. Gast [1960] showed that the present day 
87sr/86sr ratios of terrestrial samples from the mantle are typically much lower than those 
observed in chondritic meteorites (87Sr/86Srterrestrial = 0.702 to 0.706, 87Sr/86Srchondrites 
= 0.755 to 0.811). Thus, the earth's mantle is strongly depleted in Rb relative to Sr 
compared with the chondritic meteorites. Because of the geochemical similarity between 
Rb and K, the earth also is likely to be depleted in K compared with the chondrites. That 
the earth is depleted in K with respect to the chondrites is now generally accepted [Lewis 
and Prinn, 1984], although a specific value for the K concentration of the bulk earth has 
yet to be agreed upon. For example, Morgan and Anders [1980] suggest 135 ppm, 
whereas Jochum et al. [1983] give an estimate of 270 ppm as the K content of the earth. 
Taking the lower value of 135 ppm yields an integrated total of 6.0 x 1022 cm3STP of 
40Ar, whereas assuming a K content of 270 ppm yields an integrated total of 12.7 x 1022 
cm^STP of 40Ar. Comparing these values to the atmospheric 40Ar inventory of 3.7 x 
1022 cm3STP yields estimated degrees of degassing of 73 and 37 percent respectively. 
Clearly the uncertainty in the K content of the earth prevents a precise determination of 
the extent to which the earth has degassed. Nevertheless the calculations indicate that the 
earth has probably degassed somewhere between one-third and two-thirds of its 
radiogenic 40Ar.
2 .3 .3 . The rate and timing of degassing
The discovery of 3He/4He ratios of between 7 x 10*6 and 14 x 10*6 in the hot springs of 
the Kamchatka-Kuriles region [Mamyrin et al., 1969], and the discovery of an over­
abundance of dissolved 3 He in Pacific Ocean waters by Clarke et al. [1969], was 
recognised as a flux of primordial 3He derived from the mantle. This indicates that the 
process of earth degassing is incomplete and ongoing. The flux of ^He from the mantle to
the atmosphere is estimated at about 4.6 (±1)  atoms s '1 cm*2 of earth surface, 
corresponding to a total global flux of 3He of 0.87 (± 0.19) cm3STP s*1 [Craig et al., 
1975; Torgersen, 1989].
By assuming that the 3He/36Ar ratio of the noble gas flux from the mantle is 3.6 
(this is the average value as measured in MORB glasses by Allegre et al. [1986]), the 
present day global flux of 36Ar from the earth interior can be estimated as 0.24 (± 0.05) 
cm3STP s*1. Integrating this flux over the 4.6 Ga history of the earth yields a total of 2.7 
(± 0.6) x 1016 cm3STP of 36Ar, which is only 0.02 percent of the total atmospheric 36Ar 
inventory of 1.24 x 1020 cm3STP [Vemiani, 1966]. Alternatively, assuming a bulk earth 
value for 3He/36Ar of between 0.03 and 0.06 (as suggested by Hart et al. [1985]), 
between 0.9 and 1.8 percent of the total atmospheric inventory of 36Ar is outgassed over 
4.6 Ga. Similar calculations for the other heavy noble gases Ne, Kr and Xe yield 
comparable results.
Clearly then, the present day flux of noble gases from the earth’s interior is 
insignificant in terms of the observed atmospheric inventories. In order to generate the 
observed atmospheric inventories of noble gases, the rate of outgassing must have been 
very much higher in the past.
In the simplest case, degassing of the earth to form the atmosphere can be 
considered in terms of transport of volatiles between two reservoirs (solid earth and 
atmosphere), where the rate of degassing is proportional to the amount of gas remaining 
in the earth's interior. These models can be described by first order rate equations such as 
Se = S0e~at and Sa = So(l-e*a0 where Se and Sa are the concentrations of a gas in the 
earth and atmosphere at time Y, S0 is the concentration of the gas in the earth at time 
zero, and a  is the characteristic degassing rate [Ozima and Podosek, 1983]. Thus, in the 
simplest models, the outgassing rate of the earth has decreased exponentially over 4.6 Ga 
from an initially high degassing rate to the present day value. More complex models 
involving radiogenic isotopes and multiple reservoirs can be constructed. The transfer 
equations in these models include terms to describe the ingrowth of the radiogenic 
isotopes and the differential partitioning of parent and daughter species between the 
reservoirs [e.g. Ozima and Kudo, 1972; Ozima, 1975; Bematowicz and Podosek, 1978; 
Hart and Hogan, 1978; Sarda et al., 1985; Allegre et al., 1986].
A possible complication is that a significant proportion of the earth's primordial 
noble gas inventory was catastrophically outgassed over a timescale short enough to be 
considered as virtually instantaneous in geological terms. Catastrophic degassing is 
usually considered to be associated with some planetary scale event such as core 
segregation, the formation of a differentiated crust by partial melting of the upper mantle, 
or the impact of a planetary sized asteroid into the proto-earth. Following an early 
catastrophic degassing, the earth would then degas continuously but at a slower rate than 
for the simple continuous degassing models discussed above. Numerous workers have 
attempted to ascertain whether or not extensive early degassing occurred through the use
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of model dependent relationships between the argon inventories and compositions of the 
mantle and atmosphere and the K content of the earth [e.g. Ozima, 1973, 1975; 
Bematowicz and Podosek, 1978; Fisher, 1978, 1982; Hart and Hogan, 1978; Hamano 
and Ozima, 1978; Sarda et al., 1985]. Because of weakly constrained input parameters, 
such as the K content of the earth or the 40Ar/36Ar ratio of the degassed mantle, these 
models are generally not as definitive as desirable. However, based on the recognition 
that the degassed MORB mantle source has a 40Ar/26Ar ratio in excess of 20,000, more 
recent models (e.g. Hart et al. [1985], Sarda et al. [1985]) suggest that a rapid and early 
outgassing of primordial 36Ar seems likely.
Other evidence for an early catastrophic degassing of the earth is available. As will 
be outlined in a subsequent section, some terrestrial samples, particularly CO2 well gases 
[Phinney et al., 1978; Caffee et al., 1988], MORB glasses [Staudacher and Allegre, 
1982; Allegre et al., 1983; Marty, 1989; Staudacher et al., 1989; Hiyagon et al., 1992], 
and ultramafic phenocrysts and xenoliths from Hawaii and Samoa [Kaneoka and 
Takaoka, 1978; Farley and Poreda, 1992] contain 129Xe/120Xe ratios that are as much as 
13 percent greater than the atmospheric 129Xe/130Xe ratio of 6.496. This excess 129Xe is 
attributed to the decay of now extinct 129I. Because of the short halflife of 129I (17 Ma, 
Table 2.2.a) it has been suggested that the observation of excess 129I-induced 129Xe in 
mantle-derived samples requires that the mantle has been isolated from the atmosphere for 
at least 4.4 Ga [Staudacher and Allegre, 1982; Allegre et al., 1983]. This implies that 
degassing of the earth's atmosphere from the mantle occurred within 100 Ma of earth 
accretion, i.e., catastrophically. In contrast however, a number of authors have suggested 
that the variations in xenon isotopic ratios may reflect heterogeneous accretion of the earth 
from planetesimals having a range of xenon isotopic closure ages [Ozima et al., 1985; 
Marty, 1989]. If this is the case, the observation of excess 129Xe in mantle-derived 
samples is no longer of any Chronometrie significance in regard to the timing of earth 
degassing.
2.4. Degassing of the Mantle: He and Ar Evidence 
2.4.1. Introduction
The above discussions have been based upon comparisons of the terrestrial atmospheric 
noble gas inventory with assumed homogenous bulk earth chemical compositions. In the 
following section it is shown that by studying the composition of noble gases trapped in 
mantle-derived samples it is possible to identify heterogeneities in the noble gas 
composition of the mantle. The presence of these heterogeneities can be used to place 
further constraints on the degassing of the earth's atmosphere and the evolution of the 
mantle. The following discussion is restricted to the helium and argon evidence for a
number of reasons. First, because non-atmospheric 3He/4He and 40Ar/36Ar ratios have 
been clearly identified in mantle-derived samples, and second, because there is now a 
general consensus as to the interpretation of these non-atmospheric helium and argon 
isotopic ratios. The interpretation of the non-atmospheric neon isotopic compositions 
commonly observed in mantle-derived oceanic glasses and xenoliths [Craig and Lupton, 
1976; Poreda and Radicati de Brozolo, 1984; Sarda et al., 1988; Marty, 1989; Staudacher 
et al., 1990; Honda et al., 1991, 1992; Farley and Poreda, 1992; Hiyagon et al., 1992] is 
more controversial, and will be discussed in the following chapter. Well determined non- 
atmospheric 129X e/130Xe and 136X e/130Xe ratios have been observed in a range of 
oceanic samples [e.g. Kaneoka and Takaoka, 1978; Staudacher and All&gre, 1982; Ozima 
et al., 1985; Marty, 1989; Hiyagon et al., 1992]. These non-atmospheric xenon isotopic 
compositions are generally attributed to the production of xenon isotopes in the earth 
through the decay of 129I, 23^U, and possibly 244Pu. However, the interpretation of 
these non-atmospheric compositions remains somewhat controversial, and a detailed 
discussion of the various possibilities will not be attempted in this report. Krypton 
isotopic ratios which differ from atmospheric values have not been reported. For this 
reason the isotopic composition of krypton trapped in oceanic samples will therefore not 
be discussed further.
2.4.2. Helium
Since the discovery of primordial 3He in volcanic gases and oceanic waters [Clarke et al., 
1969; Mamyrin et al., 1969], 3 He/4 He ratios have been extensively measured in mantle- 
derived samples. Measurements of the helium isotopic ratios of oceanic samples show at 
least two distinctive isotopic signatures. Mid-oceanic ridge basalts (MORBs), which are 
believed to be derived from a depleted mantle source [e.g. Wilson, 1989], show 
remarkably uniform 3He/4He ratios of about 12 x 10*6 [e.g. Craig and Lupton, 1976]. A 
recent compilation of available data for N-Type MORBs, away from the influence of 
mantle hotspots, yielded a value of 11.9 (± 0.4) x IO*6 [Kurz, 1991].
In contrast, the 3He/4He ratios of basaltic glasses and ultramafic xenoliths from 
plume-related intraplate oceanic islands and seamounts are much more variable. In terms 
of helium, the most extensively studied intraplate locality is Loihi Seamount, Hawaii, 
where 3He/4He ratios are significantly higher than those observed in MORB samples and 
range between about 24 x 10'6 and 48 x 10'6 [Kurz et al., 1982a, 1982b, 1983; Allegre 
et al. 1983; Kaneoka et al., 1983; Rison and Craig, 1983; Staudacher et al., 1986; Sarda 
et al., 1988; Honda et al., 1991, 1992; Hiyagon et al., 1992]. Helium isotopic ratios in 
samples from intraplate oceanic islands that are higher than MORB values have also been 
reported for xenolithic samples from Reunion and Samoa [Kaneoka et al., 1986; 
Staudacher et al., 1986, 1990; Farley and Poreda, 1992].
Because of the low concentration of helium in the atmosphere, addition of an 
atmospheric component generally will have little effect upon the observed 3He/4He ratio
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of a sample, and therefore the measured 3He/4He ratios often can be regarded as 
representative of the helium isotopic ratios of the parent magmas. Further, because there 
is no appreciable production of 3He under ordinary mantle conditions [Morrison and 
Pine, 1954], the 3He observed in oceanic glasses can be regarded as primordial in origin, 
trapped within the primitive materials from which the earth formed. In contrast, the other 
isotope of helium, 4He, is produced by the radioactive decay of uranium and thorium. 
The variations in 3He/4He ratios in oceanic basalts therefore reflect the time integrated 
effects of variations in the ratio of primordial helium to uranium and thorium (3He/U+Th) 
in the mantle brought about by the preferential loss (i.e. outgassing) of 3He with respect 
to uranium and thorium. Thus, the loss of 3He owing to outgassing will lead to lower 
3He/4He ratios in the mantle as the decay of uranium and thorium generates 4He. The 
MORB mantle source region with its relatively low 3He/4He ratio, may be regarded as 
'degassed' and to have a lower 3He/U+Th ratio than the Hawaiian plume mantle source 
which is 'undegassed' (or more precisely, less degassed). The latter, which has retained a 
greater proportion of its primordial 3He, has a higher 3He/U+Th ratio and therefore a 
higher 3He/4He ratio [Kaneoka and Takaoka, 1980; Allegre et al., 1983; Kurz et al., 
1983; Hart et al., 1985].
Thus, the observation that helium isotopic ratios of MORBs are systematically 
lower than those seen in Hawaiian glasses suggests that the outgassing of the atmosphere 
from the earth's interior has proceeded in a heterogeneous fashion, with the MORB 
mantle being the primary source of the terrestrial atmosphere.
A complication to this simple model is the observation of ^He/4He ratios in 
samples from some intraplate plume-related oceanic volcanoes that are lower than the 
typical MORB value of 12 x 10'6. Helium isotopic ratios that range between 6.6 x 10‘6 
and 10.4 x 10'6 have been reported in samples from the islands of Tristan da Cunha, 
Gough, Jan Mayen, Prince Edward, Canary, Kerguelen and Maderia by Kurz et al. 
[1982a] and Vance et al. [1989]. The low 3He/4He ratios of these oceanic basalts suggest 
a mantle source which is even more outgassed than the MORB mantle source. One 
possibility is that the mantle source region of these basalts includes recycled subducted 
material which is predicted to be extensively outgassed [Kurz et al., 1982a; Staudacher 
and Allegre, 1988]. However, as noted by Kurz [1991], a number of alternative 
explanations have been suggested to account for low 3He/4He ratios in oceanic basalt 
glasses. Production of radiogenic 4He in a magma which has a low concentration of 
mantle-derived helium owing to degassing could generate lowered 3He/4He ratios 
[Condomines et al., 1983; Zindler and Hart, 1986], and infiltration of radiogenic 4He- 
rich fluids into the source regions of the magmas by metasomatic processes within the 
mantle also could have a similar effect [Vance et al., 1989].
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2.4.3. Argon
The Observation that most subaerially erupted lavas have 40A r/36Ar ratios that are 
indistinguishable from atmospheric (40Ar/36AratmOspheric = 295.5; Nier [1950a], Steiger 
and Jäger [1977]) indicates that these lavas have generally equilibrated their volatiles with 
the atmosphere. Clearly, such samples are of little use when attempting to measure heavy 
noble gases from the mantle. However, the discovery of 'excess' 40Ar, which could not 
be accounted for by the in situ decay of 40K since eruption, in the youthful basaltic 
glasses dredged from the flanks of Kilauea volcano, Hawaii [Dalrymple and Moore, 
1968; Funkhouser et al., 1968] indicated that the chilled glassy rims of submarine pillow 
basalts erupted under sufficient hydrostatic head to retain or trap a mantle-derived 
component of heavier noble gases. As a result of this observation, the study of the 
40Ar/36Ar in the mantle has generally focused upon the measurement of chilled glassy 
rims of submarine oceanic basalts.
The 40Ar/36Ar ratios observed in MORB glasses show a wide range of values, 
from near atmospheric (295.5) to as high as 28,000 [e.g. Kyser and Rison, 1982; Allegre 
et al., 1983; Ozima and Zashu, 1983; Jambon et al., 1985; Sarda et al., 1985, 1988; 
Fisher, 1986; Staudacher et al., 1989; Hiyagon et al., 1992]. In contrast to the MORB 
argon data, the 40Ar/36Ar of glass samples from intraplate oceanic islands and seamounts 
are much closer to atmospheric values, typically less than 1000 [Allegre et al., 1983; 
Kaneoka et al., 1983; Staudacher et al., 1986, 1990; Sarda et al., 1988; Staudacher and 
Allegre, 1989; Staudacher et al., 1990; Honda et al., 1991, 1992; Hiyagon et al., 1992]. 
Somewhat higher 40Ar/36Ar ratios, often in excess of 5,000 and occasionally higher than 
10,000, have been reported for ultramafic xenoliths from Loihi, Reunion and Samoa 
[Staudacher et al., 1986, 1990; Farley and Poreda, 1992].
It is useful to compare the 40Ar/36Ar ratios observed in oceanic samples with the 
estimated maximum 40A r/36Ar ratio of the bulk earth. As discussed previously, by 
assuming a K content for the earth of between 135 ppm [Morgan and Anders, 1980] and 
270 ppm [Jochum et al., 1983] it is possible to estimate the amount of radiogenic 40Ar 
generated within the earth over 4.6 Ga as between 6.0 x 1022 and 12.7 x 1022 cm3STP. 
As the atmospheric 36Ar inventory of 1.245 x 102^ cm3STP is the minimum amount of 
terrestrial 36Ar, the bulk 40Ar/36Ar ratio of the earth can be calculated to lie between 480 
and 850. Note that these values are likely to be maximums as they do not include any 
36Ar which remains within the earth.
Clearly, the maximum 40Ar/36Ar ratios of about 28,000 observed in MORBs are 
much higher than the estimated maximum bulk earth 40Ar/36Ar ratio of less than 1,000, 
whereas the 40Ar/36Ar ratios of samples from plume-related intraplate oceanic islands are 
quite similar to the estimated bulk earth value. The high values of 40Ar/36Ar observed in 
MORB samples require the MORB mantle source to have lost (i.e. outgassed) primordial 
36Ar with respect to K at some time in the geological past. In contrast, the lower 
40Ar/36Ar ratios of oceanic island samples are consistent with the mantle source of OIBs
having retained a greater proportion of its primordial 36Ar, i.e. to be less degassed than 
the MORB mantle source [Kaneoka and Takaoka, 1980; Allegre et al., 1983, 1986; Hart 
et al., 1985; Sarda et al., 1985] .
Thus, it is possible to interpret the 40Ar/36Ar data for oceanic samples in a way 
that is entirely consistent with 3He/4He data discussed previously. During the formation 
of the earth's atmosphere the MORB mantle source has undergone extensive degassing of 
primordial 3He and 36Ar, resulting in lowered 3He/U+Th and 36Ar/K ratios. The 
production of radiogenic 4He and 40Ar over geological time brought about lowered 
3He/4He and elevated 40Ar/36Ar ratios in the MORB mantle source. In contrast, the less 
degassed mantle source of intraplate oceanic islands and seamounts, as sampled by the 
Hawaiian plume, has retained a greater proportion of its primordial 3He and 36Ar. It has 
correspondingly higher 3He/U+Th and 36Ar/K ratios, and therefore higher 3He/4He and 
lower 40Ar/36Ar ratios than the MORB mantle source [Kaneoka and Takaoka, 1980; 
Manuel and Sabu, 1981; Allegre et al., 1983, 1986; Hart et al., 1985]. Note, however, 
that this argument is based on the maximum 40Ar/36Ar ratios observed in MORB and OIB 
samples. Many samples from both mid-oceanic ridges and intraplate oceanic islands and 
seamounts have 40Ar/36Ar ratios that are quite similar to the atmospheric value of 295.5, 
and reflect the presence of an atmosphere-like argon component (the origin of this 
atmospheric component will be discussed in greater detail subsequently; see Chapters 3 
and 4). Thus, it is possible that all basalts from the oceanic environment have been 
affected to some degree by addition of an atmosphere-like argon component, and that the 
true 40Ar/36Ar ratios of the MORB and OIB mantle sources may be higher than the 
maximum values quoted above. Nevertheless, it seems reasonable to suggest that the 
differences in the maximum 4^Ar/36Ar ratios observed in MORB and OIB samples do 
indeed reflect differences in the 40Ar/36Ar ratios of the mantle sources of these samples, 
and that this model of differential degassing of primordial 36Ar from the mantle is valid.
25
3Non-atmospheric Neon Isotopic Compositions: 
Interpretation and Discussion
"A hypothesis which works need not necessarily have anything 
to do with reality fo r there may be alternative explanations o f how the 
Lord Almighty produces the phenomena in question"
Pope Urban VIII
3.1. Introduction
In the previous chapter it was shown how the observation of non-atmospheric 3He/4He 
and 40Ar/36Ar ratios could be used to constrain the degassing history of the earth's 
mantle and the source of the terrestrial atmosphere. The purpose of this chapter is to 
extend the discussion to include the non-atmospheric neon isotopic ratios commonly 
observed in mantle-derived samples. It will be shown that the interpretation of the neon 
data is more complex than that of the helium and argon data. As yet, no generally 
accepted consensus regarding the neon data has been reached, and at least two different 
models to account for the non-atmospheric neon compositions of mantle-derived samples 
have been proposed. After summarising the available non-atmospheric neon data, this 
chapter provides a necessarily brief review of these two models, and discusses how the 
neon data may be used to constrain fundamental questions regarding the origin and 
evolution of the early earth.
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3.2. Neon Isotopic Data
3.2.1. Oceanic samples
The neon isotopic ratios (^ N e /^ N e  and 21Ne/22Ne) observed in submarine mid-oceanic 
ridge basalt (MORB) glasses are commonly higher than atmospheric [Craig and Lupton, 
1976; Poreda and Radicati de Brozolo, 1984; Sarda et al., 1988; Marty, 1989; Hiyagon 
et al., 1992] and show a positive linear correlation between them, passing through the 
atmospheric composition in a 20Ne/22Ne versus 21Ne/22Ne plot (Fig. 3.1.a).
In contrast, the majority of basaltic glasses from plume-related intraplate oceanic 
islands and seamounts (OIBs) have neon which is isotopically indistinguishable from 
atmospheric. However, neon compositions which are different from atmospheric have 
been reported for a number of plume-related OIB glasses. Sarda et al. [1988], Honda et 
al. [1991] and Hiyagon et al. [1992] obtained ^ N e /^ N e  and 21Ne/22Ne data for Loihi 
and Kilauea glasses that are higher than atmospheric. Similarly, non-atmospheric neon 
isotopic compositions were reported in ultramafic xenoliths from Reunion and Samoa by 
Staudacher et al. [1990] and Farley and Poreda [1992], respectively. These neon results 
are shown in a neon three isotope plot in Fig. 3 .l.b. Importantly, the neon data for 
intraplate oceanic islands all plot above the MORB trend in Fig. 3 .l.b.
3.2.2. Diamonds, CÖ2 well gases and geothermal fluids
Non-atmospheric neon compositions which are associated with high 3He/4He ratios have 
been reported from a number of other sample types from continental settings. Non- 
atmospheric 20Ne/22Ne and 21Ne/22Ne isotopic ratios and high 3He/4He ratios (4 x 10'6 
to 10 x 10*6) have been reported in ancient diamonds by Honda et al. [1987] and Ozima 
and Zashu [1988, 1991]. Similar high 3He/4He ratios (up to 22 x 10'6) related to non- 
atmospheric neon have also been observed in geothermal fluids from the Yellowstone 
region, USA [Kennedy et al., 1985].
Non-atmospheric neon isotopic compositions associated with 3He/4He ratios of 
about 4 x 10*6 have been measured in CO2 well gases from Harding County, New 
Mexico, USA, and Caroline, South Australia. The neon results for the CO2 well gases 
plot below the MORB trend in 20Ne/22Ne versus 21Ne/22Ne space. These CO2 well 
gases also exhibit significant 129Xe/120Xe and l31-136xe/130Xe isotopic anomalies with 
respect to atmosphere, attributed to the radiogenic decay of 129I and the fission of 228U 
and possibly 244Pu, respectively [Phinney et al., 1978; Caffee et al., 1988].
The interpretation of these noble gas results is more difficult than for the oceanic 
basalt glasses and xenoliths because of the uncertainty whether the noble gases in 
diamonds, geothermal fluids and CO2 well gases are truly representative of the mantle. 
However, it will be shown that these data provide an important test of the models
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proposed to account for the observed variations in the noble gases trapped in oceanic 
samples.
3.3. The Interpretation of the Neon Data
3.3.1. Introduction
The important aspects of the neon results shown in Fig. 3.1.a and 3.1.b can be 
summarised as follows. First, there is a significant variation in the neon isotopic 
composition of terrestrial samples. In particular, the 20Ne/22Ne ratio ranges from 
atmosphere-like values of about 9.8 up to values of around 13.6, similar to the solar 
value. The 21Ne/22Ne ratios also show a large variation from atmosphere-like values of 
0.029 up to a maximum of about 0.070 in MORB glasses. Second, the ^N e/^N e and 
21Ne/22Ne ratios of MORB glasses are clearly correlated, forming a distinct linear trend 
in Fig. 3.1.a. Third, the neon results for samples from intraplate oceanic islands and 
seamounts plot above the MORB trend in the neon three isotope plot (Fig. 3.1.b). It is 
possible that the neon results for samples from oceanic islands form a linear trend 
passing through the atmospheric composition which has a steeper slope than the MORB 
result, although, as will be discussed subsequently, this interpretation is somewhat 
controversial. Fourth, the neon isotopic results correlate with the helium isotopic data; 
oceanic island samples which plot above the MORB neon trend have 3He/4He ratios that 
are higher than the MORB value of about 12 x 10'6. Fifth, the neon data clearly indicate 
that there is a significant atmosphere-like component in the samples, and finally, 
20Ne/22Ne ratios lower than the atmospheric value have not been observed in terrestrial 
samples.
Any model for the evolution of the earth's mantle and atmosphere must account 
for these observations. As already noted, one of the most striking aspects of the neon 
data is the linear trend of the MORB results. Isotope mass fractionation can not explain 
this trend, because the slope of the mass fractionation line (shown as the steep dotted line 
labelled 'mfT in Fig. 3.1.a) is much steeper than the alignment of the MORB neon data. 
The alternative, and preferred explanation for the MORB neon data is mixing between an 
atmosphere-like component and a non-atmospheric component having high 20Ne/22Ne 
and 21Ne/22Ne ratios [Sarda et al., 1988]. In order to account for the high ^N e/^N e 
and 21Ne/22Ne ratios of the non-atmospheric MORB endmember requires the MORB 
mantle source to contain a well homogenised mixture of two components: one with high 
20Ne/22Ne and the other with high ^Ne/^Ne.
The high 21Ne/22Ne ratios in the MORB mantle source can be attributed to the 
production of nucleogenic 21Ne in the mantle by the 180  (a,n) 21Ne and 24Mg (n,a) 
21 Ne reactions (Table 2.2.c) coupled with outgassing of primordial 22Ne from the 
MORB mantle source. However, the high 2^Ne/22Ne ratios can not be produced by
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Figure 3 .La. (opposite page) Neon three isotope plot for MORB glasses. Data from 
Sarda et al. [1988] (MORB (1), solid squares) and Hiyagon et al. [1992] (MORB (2), 
open squares). In all cases the temperature fraction showing the highest 20Ne/22Ne ratio 
is plotted. Error bars show l a  uncertainties as listed in literature sources. Dashed line 
shows the MORB neon correlation line of Sarda et al. [1988] which has a slope of 
approximately 85. Dotted line labelled 'mfT indicates the mass fractionation line from 
atmospheric neon.
Figure 3.1.b. (opposite page) Neon three isotope plot for basaltic glasses from Loihi and 
Kilauea, Hawaii, and for ultramafic xenoliths from Reunion. Data from Sarda et al. 
[1988], Staudacher et al. [1990], Honda et al. [1991, 1992] and Hiyagon et al. [1992]. 
Error bars show quoted l a  uncertainties. For clarity, only those samples which have 
20Ne/22Ne ratios which differ from the atmospheric ^ N e /^ N e  value by more than 2o 
are plotted, and in all cases the temperature fraction showing the highest ^ N e /^ N e  ratio 
is shown. Dashed line shows the MORB neon trend of Sarda et al. [1988] as given in 
Fig. la. Dotted arrow shows isotopic fractionation trend from atmospheric neon. Note 
that the Hawaiian and Reunion data plot above the MORB trend, and define a linear trend 
which passes through the atmospheric composition.
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nuclear reactions within the earth because, although the reaction 170  (a,n) 20Ne 
generates 20Ne, the reaction 25Mg (n,a) 22Ne dominates, leading to an overall reduction 
in the 20Ne/22Ne ratio [Wetherill, 1954; Kyser and Rison, 1982]. Two possible 
explanations for the high 20Ne/22Ne ratios have been proposed. The first is that the high 
20Ne/22Ne ratios reflect the presence of a component of isotopically fractionated 
atmospheric neon [Sarda et al., 1988]. The second possible explanation is that the high 
20Ne/22Ne ratios reflect the presence of a solar-type neon component with a 20Ne/22Ne 
ratio of about 13.6, as solar neon is the only known component to have a 20Ne/22Ne 
ratio higher than the atmospheric value of 9.8 [Sarda et al., 1988; Honda et al., 1991, 
1992; Hiyagon et al., 1992]. Irrespective of its origin, this high ^N e/^N e component 
must be well mixed with the nucleogenic 21Ne component in order to account for the 
linear mixing trend observed in the MORB neon data.
Because there are at least two possible explanations for the origin of the higher 
than atmospheric 20Ne/22Ne ratios observed in terrestrial samples, two quite different 
models for the evolution of the earth's neon isotopic composition have been proposed: 
the atmospheric and solar hypotheses. The following sections describe and compare 
these two models.
3.3.2. The atmospheric hypothesis
The atmospheric hypothesis proposes that after correction for radiogenic, fissiogenic and 
nucleogenic components, the earth's primordial heavier noble gas (Ne, Ar, Kr and Xe) 
composition was similar to the present-day atmosphere [e.g. Allegre et al., 1983, 1986; 
Staudacher et al., 1986, 1989, 1990; Sarda et a l 1988; see also Harter al., 1979, 1985; 
Kaneoka, 1983].
The atmospheric hypothesis makes a number of specific predictions regarding the 
evolution of the earth's atmosphere and the present day composition of the noble gases in 
the earth's interior. First, the earth's atmosphere formed by the near complete outgassing 
of this primordial atmosphere-like component from the depleted mantle. Second, since 
formation the earth's atmosphere has acted as a closed system sink for the heavier noble 
gases. Third, because of the outgassing of primordial 3He, 22Ne, and 36Ar, the depleted 
mantle has developed lower 3He/4He and elevated 40Ar/36Ar and 21Ne/22Ne ratios 
owing to the production of radiogenic 4He and 40Ar and nucleogenic 21Ne. In contrast, 
the undepleted mantle has acted as an essentially closed system for 4.6 Ga with relatively 
little outgassing. As a result, the undegassed mantle has retained primordial noble gases 
and therefore has atmosphere-like heavier noble gases and high 3He/4He ratios.
Such a simple model is certainly consistent with the high 40Ar/36Ar and 
21Ne/22Ne and low 3He/4He ratios of MORB glasses and the generally atmosphere-like 
40Ar/36Ar and 21Ne/22Ne and high 3He/4He ratios of Hawaiian glasses, assuming that 
mid-oceanic ridge and Hawaiian volcanism are sampling the degassed and undegassed 
mantle reservoirs, respectively. However, in order to explain the non-atmospheric
20Ne/22Ne ratios commonly observed in mantle-derived samples, the atmospheric 
hypothesis requires an isotopic fractionation event. Sarda et al. [1988] suggested that a 
transient diffusion process, as described by Rama and Hart [1965], related to the 
movement of neon from the lower undegassed mantle into the upper degassed mantle 
(assuming a layered mantle structure) might generate elevated 20Ne/22Ne ratios in the 
upper mantle source for MORB glasses. The high 20Ne/22Ne and 21Ne/22Ne ratios of 
the MORB neon endmember could then be accounted for by mixing of this high 
20Ne/22Ne fractionated neon with a high 21Ne/22Ne component generated by the 
production of nucleogenic 21Ne in the MORB mantle source. The atmosphere-like 
component of neon, and the linear mixing trend observed in the MORB neon data, are 
explained by mixing of neon components derived from the degassed and undegassed 
mantle reservoirs.
As stated previously, the atmospheric hypothesis predicts the undegassed mantle 
to have atmosphere like neon and argon isotopic compositions. Thus, in order to explain 
the non-atmospheric neon isotopic results reported for Hawaiian glasses by Honda et al. 
[1991, 1992] and Hiyagon et al. [1992], and in Reunion and Samoan xenoliths 
[Staudacher et al., 1990; Farley and Poreda, 1992] which lie above the MORB trend in 
the neon three isotope plot (Fig. 3.1.b), the atmospheric hypothesis must call upon 
further isotopic fractionation of a MORB-derived neon component which has been 
introduced to the plume-derived magmas during ascent through the upper mantle 
[Staudacher et al., 1990; Sarda and Staudacher, 1991].
3.3.3. The solar hypothesis
An alternative explanation for the variation in the composition of the noble gases trapped 
in mantle-derived samples is that the earth's primordial noble gas isotopic composition 
was solar, or at least included a significant solar-like component. In this model the non- 
atmospheric 20Ne/22Ne ratios observed in mantle-derived samples reflect a residual 
primordial solar component retained within the mantle, as solar neon is the only known 
component to have a 2®Ne/22Ne ratio higher than the atmospheric value and higher than 
the ^N e/^N e  ratios observed in oceanic samples [Marty, 1989; Honda et al., 1991, 
1992; Hiyagon et al., 1992]. The existence of a solar noble gas component has been 
previously postulated by a number of workers. Craig and Lupton [1976] suggested that 
their helium and neon data on fumarolic gases from Kilauea could be explained by 
mixing of solar and present day atmospheric components. Solar-like neon within the 
earth was also suggested on the basis of high 20Ne/22Ne ratios observed in ancient 
diamonds by Honda et al. [1987] and Ozima and Zashu [1988, 1991].
Because the ^N e/^N e ratio in the mantle is unlikely to be significantly affected 
by nuclear processes, the solar hypothesis predicts the 20Ne/22Ne ratio of the mantle 
should be similar to the solar value of 13.6. The variations observed in the neon isotopic 
ratios of mantle-derived samples can therefore be interpreted as the result of mixing of
solar, nucleogenic and atmospheric neon endmembers [Honda et al., 1991, 1992; 
Hiyagon et al., 1992]. Thus, according to the solar hypothesis the linear trend of MORB 
neon data in the neon three isotope plot (Fig. 3.1.a) can be interpreted as a mixing line 
between a mantle source which contains a homogenised mixture of solar neon (to 
account for the high ^ N e /^ N e  ratios) and nucleogenic neon (to account for the high 
21N e/22Ne ratios), with atmospheric neon. Similarly, the neon data from Hawaiian 
glasses and the Reunion and Samoan xenoliths, which plot above the MORB trend in 
20N e/22Ne versus 21Ne/22Ne space, are interpreted to represent neon mixing lines 
having steeper slopes than the MORB trend [Honda et al., 1991, 1992; Hiyagon et al., 
1992].
The basic concepts of the solar hypothesis are shown schematically in Fig. 3.2. 
The initial neon composition of the earth's interior was solar (shown by the large solid 
circle). Production of nucleogenic 21Ne over geological time (shown by the horizontal 
arrow labelled N*), causes the 21N e/22Ne ratio in the mantle to increase without 
significantly altering the 20Ne/22Ne ratio. On the basis of the 3He/4He data (see Chapter 
2), it was previously argued that the MORB mantle source is likely to be more degassed 
than the OIB plume mantle source. Similarly, degassing of primordial 22Ne resulted in 
the more degassed MORB mantle source having a lower 22Ne/U+Th ratio than the less 
degassed plume mantle source. As a result of this lower 22Ne/U+Th ratio, the MORB 
mantle has developed a higher 21Ne/22Ne ratio than the OIB plume mantle source. The 
postulated neon isotopic compositions of OIB and MORB mantle sources are shown by 
the labelled solid circles in Fig. 3.2. Finally, mixing between these mantle sources 
having solar 20Ne/22Ne ratios and elevated 21Ne/22Ne ratio and an atmosphere-derived 
component generates the linear neon trends seen in Fig. 3.1.a and 3.1.b.
Because the production of radiogenic 4He and nucleogenic 21Ne within the 
mantle has a constant 21Ne/4He production ratio of about 1 x 10*7 irrespective of 
composition [Kyser and Rison, 1982], an explicit prediction of the solar hypothesis is 
that samples with neon results which define a linear mixing trend with atmosphere in 
20Ne/22Ne versus 21Ne/22Ne space should have a common 3 He/4 He ratio. Furthermore, 
the slope of the neon mixing trend should be correlated with the 3He/4He ratio; neon 
trends with lower slopes should have lower 3He/4He ratios. In qualitative terms, this is 
exactly what has been observed in MORB and Hawaiian glasses, and in ultramafic 
xenoliths from Reunion [Staudacher et al., 1990] and Samoa [Farley and Poreda, 1992]: 
MORB glasses have relatively low 3He/4He ratios of about 12 x 10*6 and a neon mixing 
slope of about 85 (where slope is defined as A(20Ne/22Ne)/A(21Ne/22Ne); Sarda et al. 
[1988]) whereas the OIB samples from Hawaii, Reunion and Samoa have higher 
3He/4He ratios (up to about 50 x 10'6) and steeper neon mixing slopes of up to 440. By 
assuming a 3He/22Ne ratio for the mantle, Honda et al. [1991] were able to successfully 
derive an explicit mathematical relationship which quantitatively relates the 3He/4He 
ratios and neon slopes in noble gases trapped in oceanic basalt glasses and xenoliths,
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Figure 3.2. Neon three isotope plot showing the main aspects of the solar hypothesis as 
suggested by Honda et al. [1991, 1992] and Hiyagon et al. [1992]. The neon isotopic 
data given Fig. la  and lb  are also plotted without error bars. The horizontal arrow 
labelled N* illustrates the effect of nucleogenic production of 21Ne in a mantle reservoir 
having a solar-like 2®Ne/22Ne ratio of 13.6. The solid circles labelled OIB and MORB 
show the postulated neon isotopic compositions of the mantle sources of MORB and 
OIB samples respectively. The MORB source has a higher 2lNe/22Ne ratio because it 
has a lower 22Ne/U+Th ratio than the OIB source owing to a greater degree of 
degassing. The dashed lines from the OIB and MORB mantle source compositions to the 
atmospheric composition indicate the neon mixing lines between present day atmosphere 
and mantle endmembers.
ancient diamonds, CO2 well gases, and in geothermal fluids from the Yellowstone 
region.
An important aspect of the solar hypothesis is that the atmospheric component 
observed in the samples is not primordial, but rather has been introduced by secondary 
processes. Possible sources of the atmospheric component include contamination of the 
parent magmas with atmosphere-derived heavy noble gases during or prior to eruption, 
or by introduction of atmospheric noble gases to the mantle source of the parent magmas 
by subduction of hydrated oceanic crust and sediments carrying atmosphere-derived 
noble gases [Fisher, 1983, 1985, 1989; Patterson et al., 1990, 1991].
3.3.4. The atmospheric and solar hypotheses: A comparison
The previous sections of this chapter have presented descriptions of the atmospheric and 
solar hypotheses, which are two very different models for the evolution of the noble 
gases in the earth's mantle and atmosphere.
To summarise, the atmospheric hypothesis argues that: (i), the earth's primordial 
noble gas composition was similar to the present day atmosphere, (ii), that the 
undegassed mantle source has an atmosphere-like heavier noble gas composition, (iii), 
that the non-atmospheric 20Ne/22Ne ratios observed in MORB samples reflect an 
isotopically fractionated primordial atmosphere-like neon component, (iv), that the non- 
atmospheric neon observed in Hawaiian, Reunion and Samoan samples reflects an 
isotopically fractionated MORB neon component, and (v), that the variation in the neon 
isotopic compositions of MORB samples reflects mixing of neon derived from the 
undegassed and degassed mantle reservoirs.
In contrast, the solar hypothesis argues that: (i) the earth's primordial noble gas 
composition was solar, or at least included a significant solar-like component, (ii), that 
the non-atmospheric 20Ne/22Ne ratios in mantle-derived samples reflect the presence of a 
residual solar neon component in both the degassed and undegassed mantle reservoirs, 
and (iii), that the atmospheric component observed in oceanic samples is dominantly 
secondary.
Despite these differences in interpretation of the neon data, it important to 
recognise that the atmospheric and solar hypotheses are both consistent with the model of 
differential outgassing of the mantle described in the previous chapter. It is stressed that 
the atmospheric and solar hypotheses differ in their interpretation of the neon isotopic 
results and in their assumed primordial neon compositions. It is also important to 
recognise that at present it is not possible to prove or disprove either of these models. 
Both hypotheses provide a theoretically plausible explanation. However, it is suggested 
that the solar hypothesis provides a simpler explanation for a greater proportion of the 
data, and importantly, makes testable predictions regarding the He and Ne isotopic 
systematics of mantle-derived samples.
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It is important that the controversy regarding the earth's primordial noble gas 
composition be resolved, because the identification of the primordial noble gas 
composition would provide strong constraints on the origin and evolution of the early 
earth and the solar system as a whole. For example, if the earth's primordial noble gas 
composition was solar, this raises the question of how to generate the earth's present day 
atmospheric composition from an initially solar-like composition. Alternatively, if the 
earth's primordial noble gas composition was atmosphere-like, then this raises the 
problem of how the earth trapped atmosphere-like noble gases from the pre-solar nebula 
which contained dominantly solar-like noble gases. Although a detailed discussion of 
these questions is beyond the scope of this report, it is noted that the problem of 
identifying the earth's primordial noble gas composition is an active and frequently 
controversial area of noble gas research.
A fundamental question which has yet to be addressed is whether the observed 
isotopic compositions of the heavier noble gases trapped in oceanic basalt glasses are 
truly representative of the mantle. As stated previously, one possible mechanism by 
which an atmosphere-derived component of the heavier noble gases could be introduced 
to oceanic basalts is through interaction of ascending magmas with seawater-derived 
fluids carrying dissolved atmospheric noble gases. If so, then the atmosphere-like 
component of heavier noble gases commonly observed in oceanic basalt glasses may not 
be derived from the mantle source of the parent magmas, and the measured isotopic 
compositions of the heavier noble gases trapped in oceanic glasses may not be truly 
representative of the mantle.
The following chapter presents a discussion concerning seawater-magma 
interaction as a plausible mechanism for introducing a significant atmosphere-derived 
component of heavier noble gases to oceanic basalts. This clearly is of importance in 
relation to determining whether observed compositions of the heavier noble gases 
trapped in submarine basaltic glasses are representative of the mantle.
4Seawater-Magma Interaction: A Possible Source for 
the Atmospheric Component of Neon, Argon, 
Krypton and Xenon ?
"The mind of the beginner is empty, free of the habits of the expert, 
ready to accept, to doubt, and open to all the possibilities" 
Baker Roshi
4.1. Introduction
Previous workers have demonstrated that the isotopic compositions of the heavier noble 
gases (Ne, Ar Kr and Xe) trapped in oceanic basalt glasses are best interpreted as a 
mixture of an atmosphere-like component with one or more non-atmospheric mantle- 
derived components (e.g. Allegre et al. [1983], Staudacher et al. [1986, 1989, 1990], 
Sarda et al. [1988], Marty [1989], Staudacher and Allegre [1989], Honda et al. [1991, 
1992], Hiyagon et al. [1992]). However, the source and mechanisms by which such an 
atmospheric component is introduced to oceanic basalts remains unclear [Fisher, 1985; 
Patterson et al., 1990, 1991; Staudacher et al., 1991], although it is possible to identify 
at least two possibilities: (1) There is a mantle reservoir which has an atmosphere-like 
heavy noble gas isotopic composition; this may be mixed with non-atmospheric 
components. Such a mantle reservoir requires that after correction for the ingrowth of 
radio-, fissio-, and nucleogenic components, the primordial earth had a noble gas
Figure 4.1. (opposite page) Range in concentrations of 3 He, 22Ne, 36Ar, 84Kr and 
132Xe, released by fusion and vacuum crushing of basaltic glasses from mid-oceanic 
ridges (open squares [Staudacher et al., 1989; Hiyagon et al., 1992]), Loihi (open 
circles [Staudacher et al., 1986; Sardaef a/., 1988; Honda et al., 1991, 1992; Hiyagon 
et al., 1992]), Kilauea (solid circles [Honda et al., 1991, 1992]), Tahiti (addition signs 
[Staudacher and Allegre, 1989]), and Reunion (small open triangles [Staudacher et al., 
1990]). Abundances of noble gases in seawater (large solid triangle), atmosphere (large 
open triangle), and in a basaltic melt which has equilibrated with the atmosphere at one 
atmosphere pressure (solid square), as listed in Table 4.1, are included for comparison. 
A single MORB sample having a particularly low 3He concentration, and the high 22Ne, 
36Ar, 84Kr and 132Xe concentrations in two MORB popping rocks [Staudacher et al., 
1989], are plotted individually. Concentrations in units of cm3STP g '1. Note that the 
concentration of heavier noble gases in seawater is typically several orders of magnitude 
higher than in submarine basalt glasses.
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isotopic composition similar to the present day atmosphere, or, that there has been 
significant addition of atmospheric noble gases to the mantle through subduction or 
other recycling processes. (2) Alternatively, an atmosphere-derived component of the 
heavier noble gases may be incorporated in oceanic magmas from downward 
percolating seawater as the magma ascends through crustal magma chambers and 
conduits, or by direct interaction with seawater following eruption on the seafloor.
As discussed in the concluding comments of the previous chapter, the possibility 
of seawater-magma interaction raises the question as to whether the isotopic 
compositions of the heavier noble gases in chilled basalt glasses are truly representative 
of the mantle source regions for those glasses. This is particularly important in the case 
of glass samples from the Hawaiian, Reunion and Samoan hotspots which have 
generally atmosphere-like heavier noble gases, but which, because of their high 
3H e/4He ratios, are believed to contain noble gases from the undegassed mantle 
reservoir. If the heavier noble gases in these samples are representative of the 
undegassed mantle, then the undegassed mantle reservoir must have an atmosphere-like 
heavier noble gas composition, as proposed by the atmospheric hypothesis. 
Alternatively, if seawater-magma interaction has occurred, then the undegassed mantle 
reservoir may in fact have a non-atmospheric heavier noble gas composition, as 
proposed under the solar hypothesis.
The purpose of this chapter is to discuss whether seawater-magma interaction is 
a plausible mechanism by which atmosphere-derived heavier noble gases are 
incorporated in basaltic magmas. This is of importance in relation to the way heavier 
noble gas results from mantle-derived samples are used to constrain models for the 
origin and evolution of the earth's atmosphere and mantle.
4.2. Seawater as a Transport Medium for the Heavier 
Noble Gases
The abundances of noble gases in chilled basaltic glasses from the oceanic environment 
vary by several orders of magnitude. Figure 4.1 illustrates the range in concentration of 
noble gases observed in basaltic glasses from mid-oceanic ridges (MORBs), and the 
plume-related intraplate oceanic volcanoes of Loihi, Kilauea, Tahiti and Reunion. For 
comparison, the concentration of noble gases in seawater, the atmosphere (where the 
atmospheric concentration is obtained by dividing the atmospheric inventory of noble 
gases by the mass of the earth [Ozima and Podosek, 1983]), and in a tholeiitic basalt 
melt which has equilibrated with the atmosphere calculated using the solubility constants 
of Lux [1987] (Table 4.1), are included in Fig. 4.1.
As shown in Fig. 4.1, the abundances of the heavier noble gases (Ne, Ar, Kr, 
and Xe) in seawater are typically more than two or three orders of magnitude greater
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Table 4.1. Abundances of noble gases in seawater, atmosphere, and in a tholeiitic basalt 
melt which has equilibrated with the atmosphere at one atmosphere pressure.
Seawater0 Atmosphere^ Basaltc
3He 6.05 x 10-14 4.86 x 10->5 4.69 x 10-15
22Ne 1.69 x 10-8 1.11 x 10-9 5.87 x lO '10
36Ar 1.17 x IO’6 2.08 x 10-8 2.73 x lO'9
84Kr 4.78 x 10-8 4.31 x 10-10 4.09 x lO*11
132Xe 2.90 x lO'9 1.55 x 10-11 6.32 x 1 0 13
Units in cm3STP g"1.
a Listed seawater concentrations are an average of values for Atlantic and Pacific deep 
ocean waters compiled from Mazor et al. [1964], Bieri et al. [1968], and Bieri and 
Koide [1972].
b Atmospheric concentrations obtained by dividing the atmospheric noble gas 
inventory by the mass of the earth [Ozima and Podosek, 1983].
c Concentration of noble gases in a basalt magma which has equilibrated with the 
atmosphere at one atmosphere pressure calculated using the Henry's constants for 
noble gases in a natural tholeiitic melt as determined by Lux [1987] (in units of 10'5 
cm3STP g '1 atmos-1): KHe = 64 (±6), KNe = 35 (±6), Kat = 8.7 (±0.6), KKr = 6.3 
(±0.4), KXe = 2.7 (±0.4).
than in oceanic basalt glasses. Thus, seawater may well be an efficient transport 
medium for introducing atmosphere-derived heavier noble gases to magmas in the 
oceanic environment. By comparison, the abundance of helium in seawater is typically 
between one and three orders of magnitude lower than observed in chilled basaltic 
glasses (Fig. 4.1). Thus, helium is effectively decoupled from the heavier noble gases. 
Addition of a seawater component to oceanic basaltic magmas could therefore cause a 
significant shift in the Ne, Ar, Kr, and Xe isotopic compositions in a melt towards 
atmospheric compositions, but have a trivial effect upon the He isotopic ratios.
The penetration of seawater to depths exceeding 5 km into the oceanic crust has 
been well established (e.g. Bowers and Taylor [1985]). It is therefore possible that 
seawater, or a seawater-derived vapour phase, could interact with rocks and magmas in 
the volcanic cone as well as in the underlying oceanic crust. Introduction of an 
atmosphere-derived component of heavier noble gases to the magmas might occur by 
direct interaction of the magma with percolating seawater, by assimilation into the 
magma of old oceanic crust containing hydrous mineral phases, or by mobilisation of 
seawater-derived volatiles from the wall rocks of magma chambers and conduits. Thus, 
there are various mechanisms by which seawater-magma interaction might occur, and it 
is therefore useful to explore the geochemical implications of possible interactions.
4.3. Noble Gas Abundances
Figure 4.2 presents a comparison of the abundances of 3 He, 22Ne, 84Kr and l32Xe 
with 36Ar for basalt glasses from mid-oceanic ridges, and from Loihi, Kilauea, Tahiti 
and Reunion. A number of observations can be made: (i) as previously noted, there is 
an enormous range in the concentrations of all five noble gases irrespective of tectonic 
setting, (ii), there is a broad positive linear correlation of Ne, Kr and Xe with Ar, but no 
correlation between He and the heavier noble gases, and (iii), helium abundances in 
MORB glasses are systematically higher than those observed in glasses from plume- 
related intraplate oceanic islands and seamounts.
The correlations between Ne, Ar, Kr and Xe indicate that the heavier noble 
gases are behaving as an essentially coherent geochemical group. Particularly 
noteworthy is that seawater lies at the extreme high abundance end of these correlations 
(Fig. 4.2.b,c,d). Thus, as a first order approximation, the correlations observed 
between the heavier noble gases may be explained simply by the variable addition of a 
seawater-derived component.
As previously stated, because of the very low abundance of He in the 
atmosphere and seawater, He would be effectively decoupled from the heavier noble 
gases during seawater-magma interaction. Such a decoupling effect is consistent with 
the lack of correlation between the abundances of 3He and the heavier noble gases
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shown in Fig. 4.2.a. However, the extreme variation in the concentration of the noble 
gases makes more specific interpretation of the abundance data difficult. This problem 
can be circumvented to some degree by the use of noble gas elemental ratios which are 
sensitive tracers of elemental fractionation processes.
4.4. Seawater-Magma Interaction and Elemental Ratios
4.4.1. Introduction
If an atmosphere-derived component of heavier noble gases is introduced to magmas by 
interaction with seawater, then it is likely that the elemental ratios of the heavier noble 
gases in the samples will reflect the presence of the seawater-derived component. 
Whenever two phases having different compositions interact, they will tend to exchange 
noble gases. The degree to which each noble gas will partition between the two phases 
is dependent upon the nature of those phases (e.g. polar or non-polar, fluid or solid, 
crystalline or melt), and upon the physical characteristics (e.g. atomic mass, atomic 
radius, etc.) of that particular noble gas. Preferential partitioning of one noble gas with 
respect to another between the two phases will therefore result in elemental 
fractionation. In order to test whether the elemental ratios of the heavier noble gases in 
basaltic glasses are consistent with a significant seawater-derived component, it is 
necessary to develop a theoretical understanding of how fractionation affects the 
elemental ratios of the heavier noble gases.
In examining the question of seawater-magma interaction, there are at least two 
processes which have the potential to cause elemental fractionation of the noble gases: 
(1) the initial transfer of atmosphere-derived noble gases from seawater into the magma, 
and (2), subsequent transfer of noble gases from the magma into a separate volatile 
phase during bubble formation. It is possible to model the elemental fractionation 
associated with these processes by making the following assumptions: (1) that the 
partitioning of the noble gases between the basaltic magma and the separate volatile 
phase is a function of the relative solubilities of those gases in the magma, and (2), that 
the experimentally determined relative solubilities of the noble gases in basaltic melts, as 
defined by the Henry's constants of those gases (e.g. Lux [1987]), are applicable to the 
physical conditions relevant to the system during equilibration. The major unknown in 
this problem is the noble gas composition of the mantle-derived magma prior to 
interaction with seawater-derived volatiles. The following sections therefore calculate 
the elemental ratios of the heavier noble gases in the melt which were derived from 
seawater, and do not include the initial mantle-derived component. In the subsequent 
discussion, the convention is followed of expressing elemental ratios as F values 
relative to atmospheric compositions, where Fj = 0X/36Ar) / (*X/36Ar)Air> is one of 
22Ne, 84Kr and ^ 2 x e , and 36Ar is the reference isotope.
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4.4.2. Model calculations
Simple model calculations are given below of the solubility controlled elemental 
fractionation of the heavier noble gases during interaction between seawater and 
magma, and during subsequent exsolution of a vapour phase during bubble formation.
(i) Elemental fractionation between seawater and basaltic melt
The noble gas elemental composition of a melt, Me, which has equilibrated heavier 
noble gases with a seawater-derived vapour phase, SW, can be modelled by
(iX/36Ar)Mc = eX/36Ar)Sw x K (iX)/K(36Ar) (4 .1 )
where ‘X is one of 22Ne, 84Kr and 132Xe, 36Ar is the reference isotope, (iX/36Ar)sw is 
the noble gas elemental ratio in seawater, (iX/36Ar)Mc is the noble gas elemental ratio in 
the melt after equilibration with seawater, and K is the relevant Henry's constant for 
noble gases in basaltic melts [Patterson et al., 1990]. Because the solubility of the noble 
gases in a basaltic melt decreases with increasing atomic mass [Jambon et al., 1986; 
Lux, 1987], the lighter noble gases will be preferentially partitioned into the melt phase 
with respect to the heavier noble gases. This will lead to elevated light/heavy noble gas 
elemental ratios in the melt phase (i.e. increased 22Ne/36Ar but decreased 84Kr/36Ar and 
132Xe/36Ar ratios) compared with seawater.
The elemental ratios of the heavier noble gases in a basaltic magma Me which 
has equilibrated with a seawater-derived vapour phase, calculated from equation (4.1) 
using the Henry's constants of Lux [1987], are given in Table 4.2. A number of points 
can be made. First, the elemental ratios of the heavier noble gases in seawater are 
different from those in the atmosphere; seawater is depleted in the lighter noble gases 
with respect to the heavier in comparison with the atmosphere. This is because the 
solubility of noble gases in water increases with increasing atomic mass [e.g. Morrison 
and Johnstone, 1954; Weiss, 1971; Potter and Clynne, 1978; Smith and Kennedy, 
1983]. Second, the elemental ratios of the heavier noble gases in a basaltic magma 
which has equilibrated with a seawater-derived vapour phase are relatively close to the 
atmospheric values (i.e. F-ratios of approximately unity).
(ii) Elemental fractionation during bubble formation
The presence of vesicles, which often exceed twenty volume percent, in the glassy rims 
of submarine basaltic glasses [e.g. Moore et al., 1982; Hawkins and Melchior, 1983; 
Frey and Clague, 1983; Sarda and Graham, 1990], is clear testimony to the 
phenomenon of bubble formation in magmas. The mechanism of bubble nucleation and 
growth in magmas has attracted much interest [e.g. Sparks, 1978; Jaupart and 
Vergniolle, 1988, 1989; Bottinga and Javoy, 1989, 1990; Toramaru, 1989, 1990;
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Table 4.2. Elemental ratios of the heavier noble gases in atmosphere, seawater, and in a 
basaltic melt, Me, which has equilibrated with a seawater-derived vapour phase 
calculated from equation 4.1.
Air0 Seawater^7 Mcc
F2 2 1 0.27 1.05 (20)
F84 1 1.98 1.43 (13)
F l3 2 1 3.16 0.98 (16)
Numbers given in brackets list the la  uncertainty in the last quoted digits. 
a Elemental ratios expressed as F-ratios relative to the atmospheric composition as 
defined in text.
b Seawater F-ratios calculated from abundance data listed in Table 4.1. 
c Me calculated using the Henry's constants of Lux [1987] as listed in the footnote of 
Table 4.1.
Vergniolle and Jaupart, 1990]. Irrespective of the precise details of the bubble formation 
process, there will be an elemental fractionation of the noble gases associated with the 
transfer of noble gases from the melt phase to the bubbles which can be described by
(iX/36Ar)Mf = fi x 0X/36Ar)Mc (4.2)
where (iX/36Ar)Mc is the elemental composition in the melt phase prior to exsolution of 
a separate bubble phase, (iX/36Ar)Mf is the elemental composition of the noble gases in 
the melt phase after bubble formation, and fi is the relative fractionation factor. The 
fractionation factor fi can be calculated independently (after Hart et al. [1985] and 
Jambon et al. [1986])
K(iX) [V*-Kl-V*)K<36Ar)Po(Tc/To)£]
fi = —----  x ------------------------------------------  (4.3)
K(36Ar) [V* + (l-V*)K(iX)Po(Tc/To) p0]
where V* is the fractional volume of bubbles at equilibrium (volume of bubbles/total 
volume of bubbles plus melt in cm3 cm '3), p0 is the melt density prior to bubble 
formation (in g cm*3) and Tc and T0 are the equilibration and standard temperature, 
respectively (in Kelvin) [Patterson et al., 1990]. P0 is the standard pressure (1 atmos).
Figure 4.3. illustrates how the fractionation factor fj varies as a function of the 
fractional volume of bubbles at equilibrium, V*, calculated using equation (4.3). Figure 
4.3 shows that in a similar fashion to the elemental fractionation associated with 
equilibration between basaltic melt and a seawater-derived vapour phase, the elemental 
fractionation associated with bubble formation leads to an increase in the F22 ratios and 
a decrease in the Fs4 and F 132 ratios in the melt phase.
It can clearly be seen in Fig. 4.3 that the fractionation factor fi deviates from 
unity as V* increases, and changes most rapidly between about 0.1 and 2 volume 
percent bubbles. Below about 0.1 percent bubbles (V* = 10'3), the majority of the 
noble gases remain in the melt phase, and the degree of fractionation is relatively small. 
For a single stage bubble formation event, the fractionation factor fi reaches an extreme 
value given by fi = K(ix/K(36Ar) when the fractional volume of bubbles exceeds 10 
percent (i.e. when V* exceeds 0.1, the right hand term of equation (4.3) approaches 
unity). Above V* =0.1 there is no further change in fi because the majority of noble 
gases have already been transferred to bubbles from the melt.
It is stressed that the above calculation describes the elemental fractionation of 
the noble gases retained within the melt phase. Because of the low absolute solubilities 
of the noble gases in basaltic melts, the abundance of noble gases in the bubbles is very 
much higher than that in the melt phase. For example, when the relative volume of the 
bubbles at equilibrium reaches ten percent (V* =0.1), approximately 95 percent of the
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Figure 4.3. Variation of the fractionation factor, fi, of the heavier noble gases remaining 
in the melt phase following exsolution of a separate vapour phase during bubble 
formation as a function of V*, the fractional volume of bubbles at equilibrium, 
calculated from equation (4.3). Input parameters used are as follows: Henry's constants 
for noble gases in a basaltic melt as determined by Lux [1987] for a natural tholeiite as 
listed in footnote of Table 4.1, p0 = 2.7 g cm_3, T0 = 273K and Tc = 1273K. Note that 
the calculated value of fi is relatively insensitive to the assumed value of the closure 
temperature Tc of 1273K, and that choice of a lower closure temperature will have little 
effect upon the overall variation of fi with V*.
He, about 98 percent of the Ne, and greater than 99 percent of the Ar, Kr and Xe, will 
be in the bubble phase [Jambon et al., 1986]. Thus, in order for the relatively small 
amount of elementally fractionated noble gases retained in the melt phase to have a 
significant effect upon the elemental composition of the total noble gases in a sample, 
the vast majority of gases which were partitioned into the bubbles must be lost from the 
sample. Simple two-component mixing calculations (see Appendix 1) show that for a 
basaltic sample where the fractional volume of bubbles in the magma at equilibrium was 
50 percent (V* = 0.5), greater than 99.9 percent of the gases in the bubbles must be lost 
before the F22 ratios of the gases contained in a sample will reach values of F22 = 2 (i.e 
before fi = 2). In the more extreme case where the fractional volume of bubbles reached 
90 percent (V* = 0.9), greater than 99.99 percent of the gas in the bubbles must be lost 
before the F22 ratios of the gases contained in a basalt sample will exceed two 
[Patterson et al., 1991].
(Hi) Results of model calculation
Figure 4.4.a and b illustrate the elemental fractionation of the heavier noble gases 
associated with seawater-magma interaction and subsequent bubble formation. Input 
parameters used are listed in the figure caption. The elemental compositions of the 
heavier noble gases in seawater, and in a basaltic magma which has equilibrated with a 
seawater-derived volatile phases, calculated using the Henry's constants of Lux [1987], 
are plotted. The tie-line joining the elemental composition of seawater and Me illustrates 
the elemental fractionation associated with initial seawater-magma interaction. The 
curved line extending from the point Me towards higher values of F22 shows the 
elemental fractionation of the heavier noble gases retained in the melt phase following 
bubble formation calculated assuming Me as the composition of the melt phase prior to 
bubble formation. Fmax denotes the maximum fractionation of the noble gases in the 
melt phase for a single stage bubble formation event calculated from equation (4.3). The 
dotted line extending from Fmax towards higher values of F22 indicates the likely 
fractionation effect associated with multiple bubble formation events.
4.4.3. Comparison of model calculation with real data
Figure 4.5.a and b show the elemental compositions of the heavier noble gases trapped 
in submarine basaltic glasses from plume-related intraplate volcanoes and mid-oceanic 
ridges (MORBs). The MORB glass results are separated into those having 40Ar/36Ar 
ratios greater than 4,000, and those having 40Ar/36Ar ratios less than 4,000. The 
significance of this will be discussed subsequently. The results plotted in Fig 4.5.a and 
b include the total noble gases released by fusion or vacuum crushing of the samples, 
and does not selectively ignore the gas fractions released at low (< 1,000°C) 
temperatures during step heating experiments. This approach has the disadvantage of 
including surface-correlated components, such as directly adsorbed air or seawater, but
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avoids the danger of experimentally-induced elemental fractionation arising from 
differences in the temperatures at which each of the noble gases is released from glass 
samples. The elemental composition of the heavier noble gases in seawater, atmosphere 
and Me, and the elemental fractionation curve for noble gases retained in the melt phase 
after bubble formation, as given in Fig.4.4.a and b, are plotted for comparison.
In terms of 22Ne/36Ar and 84Kr/36Ar ratios (expressed as F22 and Fs4 values 
respectively), most of the results for samples from plume-related intraplate volcanoes 
and MORB glasses with 40Ar/36Ar ratios less than 4,000, define a cluster centred 
around the composition of a basaltic magma Me which has equilibrated with seawater 
(Fig. 4.5.a). A relatively small number of results have markedly elevated F22 ratios, 
and plot close to the calculated trend for elemental fractionation associated with bubble 
formation. There is also a scatter of results plotting towards the composition of 
seawater. In contrast, the F22 and Fs4 ratios observed for MORB glasses with 
40Ar/36Ar ratios greater than 4,000 are consistently higher than observed in MORB 
glasses with 40Ar/36Ar ratios less than 4,000 (Fig. 4.5.a), and form a broad scatter 
which is quite different from the model compositions.
Excluding the MORB samples which have 40Ar/36Ar ratios greater than 4,000, 
the results plotted in Fig. 4.5.a can be explained, as a first order approximation, in 
terms of the simple seawater-magma interaction and bubble formation model. The 
cluster of results around the point Me are interpreted as the result of seawater-magma 
interaction. The scatter of data points towards higher F22 ratios can be explained by 
elemental fractionation of noble gases in the melt phase associated with bubble 
formation, and the scatter of data points towards the seawater composition result from 
the presence of a surface-correlated seawater-derived component. The majority of 
results do not show the elevated F22 ratios associated with bubble formation probably 
because the degree of loss of bubble gas from the samples did not reach the extremely 
high values (>99.9 %) required (see Appendix 1).
In contrast, the F22 and Fs4 ratios of the noble gases trapped in MORB glasses 
having 40Ar/36Ar ratios greater than 4,000 can not be explained in terms of the simple 
seawater-magma and bubble formation model. High 40Ar/36Ar ratios are considered to 
reflect the presence of radiogenic 40Ar derived from the mantle (see Chapters 2 and 3). 
The systematically high F22 and F84 ratios of MORB glasses with high 40Ar/36Ar ratios 
are therefore considered to reflect the presence of a mantle-derived noble gas component 
which has not been obscured by addition of atmosphere-derived noble gases. However, 
it is stressed that the high F22 and F84 ratios of these samples do not necessarily 
represent the true elemental composition of the heavier noble gases in the MORB mantle 
source because: (a) samples with 40Ar/36Ar ratios higher than 4,000 may still contain 
significant atmosphere-derived heavier noble gases, and (b), the elemental composition 
of a mantle-derived component of heavier noble gases is likely to have been affected by
Figure 4.4.a and b. (opposite page) F22 versus Fs4 and F22 versus F132 plots 
illustrating the elemental fractionation effects of seawater-magma interaction and 
subsequent bubble formation. The elemental compositions of heavier noble gases in 
seawater (solid triangle), a basaltic magma that has equilibrated with seawater Me (solid 
square), and the atmosphere (open triangle) are shown. The tie line joining seawater to 
Me indicates the elemental fractionation associated with seawater-magma interaction, 
and the curved line extending from Me towards higher values of F22 indicates the 
elemental fractionation of the heavier noble gases retained within the melt phase 
following bubble formation. F-max denotes the maximum elemental fractionation for a 
single stage bubble formation event reached when the fractional volume of bubbles at 
equilibrium reaches or exceeds 0.1. The dotted line extending towards higher values of 
F22 from F-max indicates the likely fractionation effect associated with multiple bubble 
formation events.
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Figure 4.5.a and b. (opposite page) Comparison of theoretically predicted elemental 
fractionation trends (as shown in Fig. 4.5.a and b) with the elemental composition of 
the heavier noble gases released by fusion and vacuum crushing of submarine basalt 
glasses. For clarity all results for intraplate plume-related samples from Loihi, Kilauea, 
Tahiti and Reunion [Staudacher et al., 1986, 1990; Sarda et al., 1988; Staudacher and 
Allegre, 1989; Honda et al., 1991, 1992; Hiyagon et al., 1992], are plotted as a single 
group shown as solid circles. Mid-oceanic ridge samples [Staudacher et al., 1989; 
Hiyagon et al., 1992] with 40Ar/36Ar ratios less than 4,000 are plotted as small open 
squares, whereas MORB samples with 40Ar/36Ar ratios greater than 4,000 are plotted 
as plus signs. For clarity, the elemental composition of a basaltic magma Me which has 
equilibrated with a seawater-derived vapour phase is plotted as a large open square in 
Fig. 4.5.a, and is not included in Fig. 4.5.b as it is almost identical to the atmospheric 
composition (see Fig. 4.4.b).
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elemental fractionation associated with partial melting, melt-residue separation, and 
bubble formation and gas loss.
As shown in Fig. 4.5.b, the 132X e/36Ar ratios of oceanic glass samples 
(expressed as F132 values) are systematically higher than predicted on the basis of the 
simple seawater-magma interaction model. It has been previously suggested that these 
high 132X e/26Ar ratios reflect the presence of an additional Xe-rich component 
[Patterson et al., 1990, 1991]; however, the origin of such a Xe-rich component is 
unclear. Staudacher et al. [1991] argue for a component of Xe-rich gas derived from the 
MORB-mantle source having F132 = 5.1. An alternative explanation is that the high 
F 132 ratios reflect a surface-correlated component, physically adsorbed onto the 
surfaces of the samples, and which has not been removed by low (< 200°C) baking 
prior to analysis. The ability of surface-correlated xenon to remain tightly bound to a 
sample has been noted by Podosek et al. [1980], who demonstrated that surface- 
correlated Xe in seafloor samples is released at higher temperatures than the lighter 
noble gases.
4,5, Noble Gases and other Isotopic Systems
In discussing the possibility that atmosphere-derived heavier noble gases may have been 
introduced to basaltic magmas through the process of seawater-magma interaction, it is 
necessary to also consider whether other isotopic tracers, such as Sr and Th, show any 
evidence for such seawater-magma interaction. Previous authors [e.g. Lanphere, 1983; 
Staudacher et al., 1986] have noted that the Sr isotopic ratios, and Th activity ratios, of 
oceanic basalts do not indicate interaction of oceanic basalt magmas with seawater. On 
this basis, Staudacher et al. [1986] argued that the atmosphere-like component of 
heavier noble gases observed in basaltic glasses could not be the result of seawater- 
magma interaction.
However, owing to their insolubility in aqueous media, these elements, as well 
as Nd and Pb, are depleted in seawater compared with oceanic basalts by between three 
and six orders of magnitude [Taylor and McLennan, 1985]. Thus, Sr and Th, like He, 
are likely to be effectively decoupled from the heavier noble gases during interaction of 
oceanic magmas with seawater.
The efficiency of this decoupling can be demonstrated by comparing the change 
in isotopic composition of Sr with that of Ar caused by the simple addition of seawater 
to a mantle-derived magma. Taking Pacific N-type MORB as the mantle composition 
((87Sr/86Sr) ~ 0.70254 [Ito et al., 1987]; [Sr] = 90 ppm [Sun and McDonough, 1989]; 
(40Ar/36Ar) = 10,000 and [Ar] = 8 x IO'7 cm3STP g-1 [Ältegre 1986]), and 
typical seawater ((^7Sr/^®Sr) = 0.70906 [Faure, 1986]; [Sr] = 7.6 ppm [Taylor and 
McLennan, 1985]; (4°Ar/36Ar) = 295.5 and [Ar] = 3.7 x IO'4 cm3STP g-> [Ällegre et
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al.y 1986]), it can be shown that the water/rock mass ratio for interaction between 
seawater and magma required to cause a measurable shift in the 87Sr/86Sr ratio of the 
magma (i.e. to alter the Sr isotopic composition by 0.00005, the typical limit of 
precision for Sr isotopic determinations) must be greater than 0.1. This water/rock ratio 
is sufficient to lower the 40Ar/36Ar ratio in the magma from 10,000 to approximately 
400.
Thus, seawater-magma interaction has the potential to introduce a significant 
component of atmosphere-derived heavier noble gases to basaltic magmas without 
affecting the isotopic composition of Sr and Th in the magma. Thus, the lack of 
evidence for seawater-magma interaction in the Sr and Th isotopic results does not 
preclude the possibility that such interaction has introduced a significant component of 
atmosphere-derived heavier noble gases.
4.6. Conclusions
It is concluded that the interaction of seawater with magma is a plausible hypothesis to 
account for the atmosphere-like component of Ne, Ar, Kr and Xe commonly observed 
in submarine basaltic glasses. The variations in elemental ratios of Ne, Ar and Kr are 
consistent with solubility controlled elemental fractionation associated with seawater- 
magma interaction and subsequent bubble formation. The simple seawater-magma 
interaction and bubble formation model however, can not explain the F22 and F&4 ratios 
of MORB glasses having 40Ar/36Ar ratios higher than about 4,000. These samples have 
F22 and Fß4 ratios which are systematically higher than predicted, and a considered to 
reflect the presence of a mantle-derived heavier noble gas component.
The Xe/Ar elemental ratios, however, are systematically higher than that 
predicted on the basis of the simple seawater-magma interaction model, and it is 
suggested that an additional Xe-rich component has also been incorporated into the 
samples. Because the vast majority of noble gases will partition into the vapour phase 
during bubble formation, the elementally fractionated noble gases retained as a residuum 
in the melt phase will only have a significant effect upon the elemental composition of 
the total gases in a sample if the degree of gas loss from the magma is extremely high.
Because of the low concentration of He, Sr and Th relative to Ne, Ar, Kr and 
Xe in seawater in comparison with basaltic magmas, the addition of a seawater-derived 
component may significantly shift the isotopic compositions of the heavier noble gases 
towards atmospheric values, but have a negligible effect upon the He, Sr and Th 
isotopic ratios of the samples. For this reason the isotopic systematics of the heavier 
noble gases are considered to be effectively decoupled from those of those of He, Sr, 
Th, Nd and Pb.
The possibility of interaction between magma and seawater has the important 
implication that the heavier noble gases observed in oceanic basalt glasses may not be 
representative of the noble gas composition of the mantle. However, it is stressed that 
the arguments presented in this chapter do not prove that seawater-magma interaction 
has occurred, but only that the presently available data do not preclude this possibility. 
Understanding the source of the atmosphere-like component of heavier noble gases in 
mantle-derived samples is of critical importance to interpreting the noble gas data from 
mid-oceanic ridges and intraplate plume-related oceanic volcanoes. Future work in this 
field may help elucidate this important question, and allow the confident use of the 
noble gas data from oceanic samples to constrain the evolution of the terrestrial mantle 
and atmosphere.
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Noble Gases in Subduction Systems
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5Noble gases in Subduction Systems: Review
"I f  you steal from one author, it's plagiarism; 
i f  you steal from many, it's research” 
William Minzer
5 .7. Subduction Systems: General Background
Typical subduction systems consist of a number of characteristic tectonic elements 
including a morphological trench, sedimentary fore-arc and an accretionary prism, 
volcanic arc, and back-arc, although there is much variation in the exact configuration of 
these elements between individual subduction systems. The deep structure of 
subduction zones comprises a slab of subducted oceanic lithosphere, which can be 
mapped by the seismicity of the Benioff Zone, a mantle wedge lying above the 
subducted slab, and the crust of the overiding plate which may be oceanic or continental 
in character.
The process of subduction is of fundamental importance to the global 
geochemical mass budget, providing a mechanism for reinjection of material into the 
earth's interior. As such, subduction zones are complimentary to the mid-oceanic 
ridges, and are integral to the tectonic processes which allow horizontal movement of 
lithospheric plates. In addition to the oceanic lithosphere, the downgoing slab may 
incorporate sediments derived from continental weathering and erosion, pelagic oozes 
derived from marine organisms, and small volumes of extraterrestrial material primarily 
derived from the infall of cosmic dust particles. The downgoing slab will also carry 
fluids derived from the oceans, as interstitial water in pores and fractures in sediments 
and rock, as water adsorbed on the surfaces of clay minerals, or as hydrated mineral 
phases such as serpentine and chlorite in the oceanic crust. Transported along with the 
fluids will be dissolved atmospheric volatiles including the noble gases.
The mass of material annually available for reinjection through subduction 
processes is estimated at about 7 x 1016 g of oceanic crust, and up to 1.3 x 1016 g of 
sediment [e.g. Staudacher and Allegre, 1988]. Assuming present day subduction rates, 
and given that the total mass of the mantle is approximately 40 x 1026 g [Armstrong, 
1968], about 10 percent of the total mass of the mantle could comprise sediments and 
oceanic crust subducted over the last 4.5 Ga. This simplistic calculation illustrates that 
the subduction process may have had a significant influence upon the present-day 
composition of the earth's mantle.
However, not all the material delivered to the subduction trench will be recycled 
into the mantle. Significant amounts of sediment are scraped off the downgoing plate to 
form the accretionary prism, and the presence of ophiolites within many arc systems 
suggests that oceanic crust may also be incorporated into the accretionary prism. 
Furthermore, partial melting or dehydration of the downgoing slab may generate mobile 
fluids (either silicate or aqueous in composition) which would migrate upwards out of 
the downgoing slab into the overlying mantle wedge. Elements which can be carried 
within these mobile fluids will be preferentially extracted from the downgoing slab and 
will not be recycled into the deeper mantle.
Ultimately we would wish to determine a comprehensive geochemical mass 
budget which would constrain the relative proportion of material entering the subduction 
zone that becomes remobilised and is not recycled into the deeper mantle. One approach 
to this problem is the study of arc magmas, which record in their geochemistry 
information about the relative contributions of each of the postulated components. The 
realisation of this goal is hindered by the lack of a clearly identified composition, or 
range of compositions, for primary arc magmas. This is due to two reasons. First, the 
crust appears to act as a density filter preventing eruption of the most primitive magmas 
[Leeman, 1983]. Second, processes such as crystal fractionation and settling [Gill, 
1981], assimilation [Taylor, 1980; De Paolo, 1981], and magma mixing [Anderson, 
1976; Eichelberger, 1975; McBimey, 1980], significantly alter the composition of arc 
magmas and obscures the initial primary composition.
Despite these complexities, significant progress has been made in understanding 
the processes related to generation of arc magmas. Partial melting of the subducted 
oceanic crust [Marsh and Carmichael, 1974], and partial melting of a hydrated mantle 
wedge, where the water responsible for lowering the melting point of the peridotitic 
mantle wedge was derived from dehydration of the downgoing slab [Nicholls and 
Ringwood, 1972], were two early hypotheses for the origin of arc magmas. A possible 
additional source of water is from redox interaction between anhydrous mineral 
assemblages and primary methane and hydrogen [Green el al., 1987]. The presently 
favoured model for the production of arc magmas involves multiple component sources 
which invoke a dominant mantle wedge component, as well as input from subducted 
crust, sediment, and seawater, and involvement of the the arc crust (e.g. Arculus and
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Johnson [1981], Wyllie [1984], Woodhead [1988], Tatsumi [1989]). In detail these 
multiple component models are quite complex, involving both partial melting and 
dehydration of the the subducted material to generate mobile fluids which hybridise the 
overlying mantle wedge. In addition, the subducted material may be of variable 
composition, and numerous authors identify more than one subducted component in arc 
magmas (e.g. Rogers et al. [1985], White and Dupre [1986], Ellam and Hawksworth 
[1988]).
To summarise, the process of subduction is an important part of the global mass 
budget, providing a mechanism for reinjecting material to the earth's interior. However, 
not all material which enters a subduction trench will be recycled. Studies of the 
geochemistry of arc lavas has demonstrated that the magmas generated beneath 
subduction-related volcanic arcs are mixtures of material derived from multiple sources, 
including the mantle wedge and subducted sediment and crust. The slab-derived 
components appear to originate from silicate and aqueous fluids derived by partial 
melting and dehydration of the downgoing slab. Subduction zones can therefore be 
regarded as geochemical filters, allowing some elements to be recycled into the earth's 
interior, while extracting and concentrating others within the mantle wedge. Identifying 
and quantifying the relative proportion and composition of the material which is 
extracted from the downgoing slab and not recycled into the earth's interior, is of 
fundamental importance to attempts to derive a global geochemical mass budget.
While it is clear that non-volatile elements have been recycled into the earth's 
interior by subduction, the question of the reinjection of noble gases to the mantle 
remains controversial. For example, Manuel and Sabu [1981] and Ozima et al. [1985] 
have noted that subducted atmospheric gases might be an important component in the 
noble gas inventory of the mantle. In contrast, Staudacher and Allegre [1988] argued 
that dehydration of the subducting slab as temperature and pressure increase, would 
effectively prevent the highly volatile, and therefore mobile, noble gases from being 
recycled into the mantle. The question of recycling into the mantle therefore provides a 
rationale in global terms for investigating noble gases in subduction-related volcanic 
arcs. However, by virtue of their mobility and extreme incompatibility, the noble gases 
also have the potential to elucidate the problems of volatile behaviour during arc magma 
genesis.
5.2 . Noble gases in Arc-related Fluids: Previous Work
5.2.1. Introduction
Previous workers have made numerous (approximately 480 at the time of writing) 
analyses of the ^Hey^He ratios of arc-related fluid samples such as water, steam and gas 
collected from volcanic fumaroles, hot springs, and geothermal wells. The largest and
most detailed studies have been made in Japan [e.g. Sano and Wakita, 1985] and New 
Zealand [e.g. Torgersen et al., 1982; Sano et al., 1987], although there is a significant 
body of 3He/4He data available from a large number of other volcanic arcs including 
Indonesia, Southern Italy, various parts of Latin America, the Aleutians, and the 
Kamchatka-Kurile Peninsula and Islands [e.g. Baskov et al., 1973; Kamenskiy et al., 
1976; Polak et al., 1982; Staudacher and Allegre, 1988; Hilton and Craig, 1989; Poreda 
and Craig, 1989; Sano et al., 1989; Tedesco et al., 1990]. Helium has been the focus of 
study because the addition of atmospheric helium is generally insignificant, whereas the 
heavier noble gases in arc-related fluids appear to be almost entirely atmospheric in 
origin. The measurement of the isotopic ratios of the heavier noble gases (Ne, Ar, Kr, 
Xe) in arc-related fluids has been less common, and has generally been restricted to the 
measurement of 40 Ar/36Ar ratios: 28 samples from Japan [Nagao et al., 1979, 1980a, 
1981], 25 samples from New Zealand [Torgersen et al., 1982; Hulston et al., 1986], 
two samples from Italy, two samples from Nicaragua, and one sample from Costa Rica 
[Staudacher and Allegre, 1988]), although krypton and xenon isotopic data are reported 
for two fluid samples from Japan by Nagao et al. [1979]. A summary of the 3He/4He 
ratios reported for arc-related fluids is shown in Fig. 5.1 .
5 .2 .2 . Primordial 3He and the variation in observed 3He/4He
An important observation is that 3He/4He ratios range from near atmospheric values 
(1.4 x 10'6), to as high as 11.5 x 10'6, indistinguishable from the ratios measured in 
mid-oceanic ridge basalt (MORB) glasses (Fig. 5.1). Two important questions are 
immediately apparent: (a), what is the origin of the higher 3He/4He ratios, and (b), what 
is the cause of the variation in observed ^He/^He ratios ?
(i) High 3He/4He ratios: Primordial 3He from the mantle 
It has been demonstrated [Morrison and Pine, 1954] that 3 He can be generated in the 
earth, primarily by the interaction of thermal neutrons and lithium, which has a large 
interaction cross section, via the process
6Li (n,a) 3H (ß-) 3He (5-1)
where the thermal neutrons are primarily generated by local (a, n) reactions. However, 
because this process involves a  particles (i.e., a 4He nuclei produced by the local decay 
of U and Th, as well as the in the 6Li(n,a)3H process), the radiogenic 3He/4He 
production ratio is typically very low; generally less than 0.2 x 10‘6 for typical crustal 
materials (although in lithium-rich minerals, such as spodumene (LiAl[Si02]), the 
3He/4He radiogenic production ratio may be up to 10 x 10'6 [Tolstikhin and 
Drubetskoy, 1975; Mamyrin and Tolstikhin, 1984]). Therefore, the high 3He/4He ratios
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observed in arc-related fluids are unlikely to be the result of the production of 3He from 
6Li.
Instead of radiogenic processes, the high ^He/^He ratios of arc-related fluids are 
therefore considered to represent a flux of primordial helium from the mantle (see 
Section 2.4.2). Measurements of helium isotopic ratios in mantle-derived oceanic basalt 
glasses has revealed the mantle to have 3He/4He ratios significantly higher than the 
atmospheric value (1.4 x 10‘6), interpreted as a component of primordial 3He. Observed 
3He/4He ratios are strikingly uniform at 12 ± 2 x 10'6 in basalt glasses from mid- 
oceanic ridges (MORBs) [Lupton and Craig, 1975; Craig and Lupton, 1976, 1981], but 
range as high as 50 x 10'6 at hotspot volcanoes such as Loihi Seamount [Kurz et al., 
1982a, 1983; Rison and Craig, 1983; Allegre et al., 1983, Sarda et al., 1988; Honda et 
al., 1991, 1992; Hiyagon et a l., 1992], and down to values intermediate between 
MORB and atmosphere in a number of "low 3He/4He" hotspots such as Tristan da 
Cunha and Gough [Kurz et al. 1982a]. A component of helium derived from the mantle 
can therefore account for the high 3He/4He ratios observed in arc-related fluids. The 
mechanism by which this mantle-derived component of helium is transported to the 
surface, and the isotopic composition of this component, will be discussed in 
subsequent sections of this chapter.
(ii) Variation in 3He/4He ratios: Multi-component mixing and isotopic 
fractionation
Accepting that the high 3He/4He ratios observed in arc-related fluids reflects a mantle- 
derived component rich in primordial 3He, then the variation in observed ^He/^He ratios 
shown in Fig. 5.1 might be attributed to a number of possible causes including mixing 
of helium derived from reservoirs having different 3H e/4He ratios, and isotopic 
fractionation effects.
Isotopic fractionation of noble gases in fluid samples has been identified from 
variations in the neon, argon, krypton and xenon isotopic ratios of geothermal fluids 
[Nagao et al. 1979]. However, as the maximum single-stage isotopic fractionation of 
3He and 4He is about 15 percent (since A(3H e/4H e)max ~ V(4/3)), the order of 
magnitude variation in observed 3 He/4He ratios is probably too large to be solely the 
result of isotopic fractionation.
An alternative explanation for the large variation in observed 3He/4He ratios in 
arc-related fluids, is mixing of helium from reservoirs having very different 3He/4He 
ratios. As discussed above, the high 3He/4He component appears to be derived from the 
mantle and includes significant amounts of primordial 3He. Atmospheric helium has a 
3He/4He ratio of 1.4 x 10*6 [Mamyrin et al. 1970]. In comparison, owing to the 
dominance of radiogenic helium from the decay of U+Th, continental crust has ^ e /^ H e  
ratios that are much lower than atmospheric, generally less than 0.2 x 10'6 [Tolstikhin 
and Drubetskoy, 1975; Mamyrin and Tolstikhin, 1984]. Thus, it is possible to account
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for the variations in the 3He/4He ratios of arc-related fluids by mixing mantle-derived 
helium, characterised by high 3He/4He ratios, with radiogenic or atmospheric helium 
characterised by lower 3He/4He ratios.
5.2.3. Atmospheric helium
As previously noted, owing to the very low concentration of helium in the atmosphere 
(approximately 5.2 ppm, Glueckauf [1946], Glueckauf and Paneth [1946], Verniani 
[1966], Oliver et al. [1984]), the effect of addition of atmospheric helium will be 
relatively minor. By assuming that all of the neon in a fluid sample is atmosphere- 
derived and using the atmospheric Ne/He ratio to derive the amount of atmospheric 
helium, it is possible to correct the observed 3He/4He ratios for atmospheric 
contamination from the following equation (after Craig et al. [1978], and Sano and 
Wakita [1989])
W Heconected = [(3He/4Heobserved) - R^He^HeW] / 1 - R, (5.2)
where
R = (4He/22Ne)air/ (4He/22Ne)0bserved (5.3)
This calculation is at best a crude estimate because elemental fractionation of helium to 
neon may effect the true Ne/He ratio of the atmosphere-derived component, and some 
fraction of the neon may not be atmosphere-derived. Nevertheless, such a calculation is 
useful as it sets limits on the likely magnitude of the atmospheric component in the 
samples. The majority of the samples plotted in Fig. 5.1 have been checked for the 
effects of atmospheric contamination (e.g. Sano and Wakita [1985], Sano et al. [1987], 
Hilton and Craig [1989], Poreda and Craig [1989], Marty et al. [1989]; Tedesco et al. 
[1990]). These authors found that for most of the samples, the calculated atmospheric 
contribution is normally less than 1 or 2 percent, and only rarely accounts for more than 
15 percent of the observed helium. Furthermore, in the samples showing the highest 
3He/4He ratios, the atmospheric contribution is generally negligible. Thus, while 
addition of an atmospheric component may have skewed the distribution of data in Fig. 
5.1 to lower 3He/4He ratios, this effect is relatively minor and can not explain the order 
of magnitude variation in observed 3He/4He ratios. As the effects of isotopic 
fractionation and the addition of an atmospheric component are likely to be relatively 
minor, the range in 3He/4He ratios observed in subduction-related fluids is considered 
to be primarily the result of mixing of mantle helium characterised by higher than 
atmospheric 3He/4He ratios, and a radiogenic component rich in 4He produced by the 
decay of uranium and thorium.
5.2.4. Mixing of primordial and radiogenic helium
The previous sections of this chapter have argued that the variations in 3He/4He ratios 
of arc-related fluids is due to the mixing of essentially two components; a mantle- 
derived component rich in primordial 3He, and another component rich in radiogenic 
4He. Note however, that if we accept the earth’s primordial 3 He/4He ratio was similar 
to that observed in the solar wind (370 x 10'6) or in primitive meteorites (140 x 10'6; 
Table 2.4), then even the most primitive terrestrial samples, which have 3He/4He ratios 
of about 50 x 10‘6, must contain significant amounts of radiogenic 4He. Thus, strictly 
speaking, the only distinction between the "mantle-derived" and "radiogenic-rich" 
components mentioned above is the ratio of primordial 3He to radiogenic 4He, which in 
turn is a function of the 3He/U+Th ratio and radiogenic integration time for the 
accumulation of 4He in the sources of these components. However, the terms "mantle- 
derived" and "radiogenic" will be used to distinguish the high 3H e/4He and low 
3He/4He components respectively.
A number of lines of evidence suggest that the high 3He/4He, mantle-derived 
component of helium observed in subduction-related fluids, is primarily transported to 
the near surface environment by arc magmas rising from the mantle. First, in detailed 
studies of single or localised geothermal systems, Sano et al. [1984], Williams et al. 
[1987], Marty et al. [1989], and Tedesco et al. [1990], have noted that the 3He/4He 
ratios of the fluids decreases with increasing distance from the local volcanic centre. 
Second, Nagao et al. [1980b], Sano et al. [1988], and Marty et al. [1989] have 
identified temporal changes in 3He/4He ratios of geothermal fluids associated with the 
onset and cessation of local volcanic activity.
The correlation between the 3He/4He ratio and distance from the volcanic centre, 
and between changes in 3He/4He ratios and the timing of volcanic activity, indicates that 
mixing of the mantle-derived and radiogenic components occurs at a local level over 
relatively small distance and time scales. Thus, the source of the high 3H e/4He 
component is interpreted to be the magma body located beneath the volcanic centre, 
whereas the source of the radiogenic-dominated low 3He/4He component is the local 
crustal country rock through which the fluids migrate. Decreasing 3He/4He ratios with 
distance from the volcanic centre is the result of increasing dilution with crustal-derived 
radiogenic helium as the travel distance for the fluid increases, and temporal variations 
in 3He/4He ratios associated with the timing of volcanic events is the result of fresh 
influxes of mantle-derived magma carrying high 3He/4He volatiles.
Figure 5.2 shows a histogram similar to Fig. 5.1, but for only those samples 
described as 'volcanic fumaroles' and which generally had high vent temperatures 
(usually > 100°C to > 500°C). This subset of the larger data compilation exhibits a 
smaller proportion of low 3He/4He ratios, and emphasises the relationship between 
volcanic activity and high helium ratios. It is important to note there is still a
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Figure 5.2. Compilation of 3He/4He data for high temperature (generally > 100°C) 
steam and gas fumaroles located on or near active subduction-related volcanoes. Data 
sources as for Fig. 5.1. Range in values for N-MORB glasses, and the atmospheric 
ratio, shown for comparison.
considerable variation in helium ratios, from low values of about 3 x 10~6, up to 
MORB-like values of about 11.5 x 10'6.
5.2 .5. Regional variations of 3He/4He: Tectonic implications
In addition to the local variations of 3He/4He isotopic ratio discussed above, a number 
of studies have identified regional systematic variations in 3He/4He ratios, variations 
which appear to have tectonic significance.
Figures 5.3.a shows the helium isotopic ratios of arc-related fluids from New 
Zealand plotted as a function of distance from the volcanic front, the line which divides 
the fore-arc from the volcanic arc (from Sano et al. [1987]). Figure 5.3.b shows the 
locations of the samples plotted in Fig. 5.3.a. Helium isotopic ratios in the fore-arc are 
consistently lower than those from within and behind the volcanic arc, with the dividing 
line between the two regions often referred to as the 'helium boundary'. The helium 
boundary is closely associated with the volcanic front. On the fore-arc side of the 
helium boundary, helium isotopic ratios are generally lower than atmospheric. Within 
and behind the volcanic arc, helium ratios clearly show a non-atmospheric mantle- 
derived component. A similar relationship between helium isotopic ratios and sample 
location with respect to the volcanic front has also been identified in southern Italy 
[Sano et al., 1989], and in other parts of Japan [Sano and Wakita, 1985, 1989].
The regional association of high helium isotopic ratios with the active volcanic 
arc adds further support to the suggestion that mantle helium is transported to the 
surface by the ascent of arc magmas. On this basis, the low 3He/4He ratios in the fore­
arc region are probably dominated by crustal-derived radiogenic helium. Figure 5.4 
illustrates a schematic view of the relationship between tectonic setting and helium 
ratios, as suggested by Sano and Wakita [1985].
Further support for the hypothesis that high 3He/4He ratios in arc fluids are 
related to magmatic activity is found in the correlation between 3He/4He ratios, heat 
flow, and the seismic character of North Island, New Zealand. Figure 5.5 plots the 
geographical distribution of heat flow values in North Island, New Zealand (from Sano 
et al. [1987], modified from Pandey, [1981]), and also shows the boundary between 
high-frequency seismic energy attenuating and transmitting zones as defined by 
Hatherton [1970] and Mooney [1970]. The area of seismic attenuation is interpreted as a 
region of crust underlain by hot, low density mantle related to arc magmatism, and 
coincides with high heat flow values (>80 mW n r2). Sano et al. [1987] noted that the 
area of seismic attenuation and high heat flows also corresponds to the region of high 
helium isotopic ratios, and a comparison of Figs. 5.3.b and 5.5 highlights the similarity 
in the location of the helium boundary and the seismic transmitting/attenuating 
boundary. Thus it appears that the flux of mantle derived-helium through subduction- 
related arcs is related to the ascent of arc magmas.
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Figure 5.3.a. 3He/4He profile of the North Island, New Zealand, showing observed 
^He/^He ratios in fluids versus distance from sampling site to volcanic front (from Sano 
et al. [1987]). Solid circles (numbered) show data reported by Sano et al. [1987] and 
located in Fig. 5.3.b, open circles show data reported by Torgersen et al. [1982]. 
Figure 5.3.b. shows location of New Zealand samples of fluids measured for ^He/^He 
ratios reported by Sano et al. [1987] and plotted in Fig. 5.3.a. Also shown is the helium 
boundary dividing areas of low and high 3He/4He ratios (from Sano et al. [1987]).
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Figure 5.4. Schematic relationship between the helium profile and tectonic setting in 
subduction-related arcs as suggested by Sano and Wakita [1985]. The fore-arc region is 
isolated from high 3He/4He mantle helium by the accretionary wedge and underlying 
crust, and is therefore characterised by low 3He/4He radiogenic helium (except where 
deepseated thrust planes, or rising magmas associated with incipient magmatism, 
penetrate the fore-arc region and provide a route for mantle-derived helium to reach the 
surface, see text for discussion). In contrast, the volcanic arc and back-arc have access 
to high 3He/4He mantle-derived helium carried to the surface by ascending arc magmas. 
The observed helium profiles reflect this simple tectonic control on observed 3He/4He 
ratios of arc-related fluids (from Sano and Wakita [1985]).
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Figure 5.5. Geographical distribution of terrestrial heat flow values in North Island, 
New Zealand, reported by Pandey [19811, with some modifications (from Sano et al. 
[1987]). Dashed line shows the boundary between regions of crust which attenuate and 
transmit high frequency seismic energy (attenuating crust to the NW, and transmitting 
crust to the SE of boundary, after Hatherton [1970] and Mooney [1970]). Note the 
similarity between the location of the transmitting/attenuating boundary, and the helium 
boundary shown in Fig. 5.3.b, and also the correlation between high heat flow, high 
3He/4He ratios, and the region of seismic energy attenuation. Point marked ’H’ denotes 
anomalously high heat flow within the otherwise low heat flow of the fore-arc region 
which is also associated with anomalously high 3He/4He ratios (samples #22 and #23, 
Fig. 5.3.b, see text for discussion).
Anomalous helium ratios in the fore-arc region
This division into fore-arc and volcanic arc and backarc regions having high and low 
helium isotopic ratios respectively, appears to be a tidy regional picture. However the 
observation of localised areas of high 3He/4He ratios within the otherwise low ^He^He 
ratios of the fore-arc region in both New Zealand and Japan are noteworthy exceptions 
that deserve closer discussion. In eastern North Island, New Zealand, the typical 
3He/4He ratios of the fluids is less that 2 x 10*6, however higher 3 He/4 He ratios of 2.7 
x 10'6 and 2.5 x 10*6 are reported from Morere (sample locality #22 in Fig. 5.3.a and b, 
Sano et al. [1987]), and Kopurawhara (sample locality #23 in Fig. 5.3.a and b, Sano et 
al. [1987]) respectively. In Japan, the Kinki District in the fore-arc region of southern 
Honshu exhibits 3He/4He ratios as high as 9.2 x 10’6, significantly higher than the 
3He/4He ratios observed in other parts of the fore-arc regions of Japan (Sano and 
Wakita [1985]). However, in both cases the high 3 He/4 He isotopic ratios are clearly 
associated with anomalous heat flows (see for example, the point 'H' in Fig. 5.5), and 
in the case of the Kinki District, with shallow earthquake swarms [Sano and Wakita, 
1985]. The correlation between high helium isotopic ratios and heat flows are consistent 
with upward migration of mantle derived fluids. The Kinki District data are consistent 
with incipient arc magmatism, with the observed shallow seismicity associated with 
brittle deformation of the crust in response to the upwelling magma, whereas the New 
Zealand anomalies (Morere and Kopurawhara) are consistent with upward percolation 
of mantle-derived fluids along deepseated thrust planes within the accretionary prism. 
Regardless of the precise mechanisms involved, these localised anomalies do not alter 
the overall conclusion that helium isotopic ratios in arc-related fluids reflect the regional 
tectonic structure of these subduction systems.
5.2.6. 3H e/4He ratio of the mantle-derived component
Whereas the presence of a mantle-derived helium component in arc-related fluids is now 
generally accepted, the value of the 3He/4He ratio of that component, prior to dilution 
with radiogenic helium derived from the crust, is less clear. It is of great importance to 
identify this value, as knowledge of the 3He/4He ratio of the mantle-derived component 
observed in arc-related fluids would allow the relative contribution of the mantle and 
crustal endmembers to be calculated. The following arguments suggest that the high 
3He/4He component is derived from the mantle wedge, and initially had a MORB-like 
3He/4He ratio.
First, the observation of a uniform ^He^He ratio in N-type MORBs of 12 ± 2 x 
10'6 [Craig and Lupton, 1981] (except for E-type MORBs like Iceland, where there 
appears to be a hotspot component in addition to the MORB component), suggests that 
the MORB mantle source, i.e. the upper mantle, is homogenous in helium isotopic 
composition on a global scale. Thus, it can be argued that the wedge of upper mantle
material underlying subduction arcs should, at least initially, have had a MORB-like 
3He/4He ratio.
Second, the data for subduction-related fluids shows a clear maximum 3He/4He 
of 11.5 x 10'6, indistinguishable from MORB values. Importantly, no result from arc- 
fluids has a ^He/^He ratio higher than the MORB value (there is one exception: a single 
value of 15.4 x 10*6 reported for a geothermal prospecting well in Japan by Nagao et al. 
[1981]; however this high value appears to be an analytical outlier, as subsequent 
reanalysis of the sample yielded a 3He/4He ratio of less than 10 x 10*6 [Nagao, 
unpublished data]). These data strongly suggest that the mantle component observed in 
arc-fluids had an initial MORB-like ^He/^He ratio.
An alternative is that the high 3He/4He ratios observed in arc-fluids is derived 
from a hotspot-like mantle source characterised by 3He/4He isotopic ratios higher than 
20 x 10'6, as observed in Loihi Seamount (hereafter refered to as Hawaiian-type). The 
arguments above can be applied to dismiss this possibility. First, if the high 3He/4He 
ratios associated with hotspots are, as generally assumed, a signature of a mantle plume 
rising from the deep mantle, then there is a geometrical difficulty in transporting the 
plume helium through the cold subducted slab which underlies the mantle wedge 
beneath subduction arcs. Second, if the mantle-derived component did have a 3He/4He 
ratio greater than 20 x 10'6, then we would expect to see at least some arc fluid samples 
with 3He/4He ratios higher than the MORB ratio of 12 x 10‘6. The fact that arc fluid 
samples do not have 3He/4He ratios higher than MORB indicates that Hawaiian-type 
helium is not an important component in arc systems. Similarly, low 3He/4He hotspot 
helium, such as observed at Tristan da Cunha and Gough [Kurz et al., 1982a], are 
unlikely to be an important source of the mantle-derived helium in arc systems because 
of the above mentioned localised occurrence of hot-spots, and the geometrical difficulty 
of introducing plume material to the mantle wedge.
5.2 . 7. The role of subducted material
It was previously noted that arc magmas require a component derived from partial 
melting and/or dehydration of the downgoing slab (Section 5.1). Helium released from 
the downgoing slab and incorporated into the overlying mantle wedge as part of this 
process, is likely to include a component of radiogenic 4He produced by decay of U+Th 
in the subducted oceanic crust and sediments. This radiogenic 4He will lower the 
^He/^He ratio of the mantle wedge from its initial MORB-like value of 12 x 10'6. Thus, 
the question is to what degree does the observed variation in 3H e/4He ratios in 
subduction-related fluids reflect variable addition of subducted radiogenic helium to the 
mantle source of arc-magmas. In this regard it is useful to attempt to constrain the 
3He/4He ratios of the crust and sediments that enter the subduction zone.
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The ^He/^He ratio of fluids derived from the downgoing slab will be a function 
of the U+Th content, initial helium concentration and isotopic composition, and age, of 
the subducted materials. Direct measurements of old oceanic crust (about 100 Ma) by 
Staudacher and Allegre [1988], yielded low 3He/4He ratios of about 1 x 10-7, but these 
values are considered as rough estimates due to low concentrations of helium. In 
contrast, by assuming an U content, an initial helium concentration, and an initial 
3He/4He ratio, Craig et al. [1978] calculated 3He/4He ratios of between 6.6 x 10'6 and 
2.4 x 10'6 for 100 Ma old oceanic crust. Thus, it is unclear as to what the exact helium 
isotopic composition of the subducted oceanic crust will be, although it appears likely 
that it will be lower than the typical 3He/4He ratio of MORB.
Similarly it is difficult to ascertain the helium isotopic composition of subducted 
sediments. Observed 3He/4He ratios for ocean floor sediments show a wide range of 
values from 1 x 10'8 to 1.6 x 10'4 [e.g. Takayanagi and Ozima, 1987]. The very high 
3He/4He ratios have been shown to be associated with cosmic dust rich in implanted 
solar wind helium [Merrihue, 1964; Krylov et al., 1973; Ozima et al., 1984; Amari and 
Ozima, 1985; Fukumoto et al., 1986; Matsuda and Nagao, 1986; Takayanagi and 
Ozima, 1987; Matsuda et al., 1990; Nier et al., 1990]. However, because the total 
global flux of cosmic dust is relatively low (estimated at about 400 tonne a '1 
corresponding to a 3He flux of 1 x 10'3 atoms cm-2 s'2 [Ozima and Takayanagi, 1987]), 
high 3He/4He ratios in the bulk sea floor sediment are only observed in areas of low 
sedimentation rates where the influx of cosmic dust is least diluted by terrestrial oceanic 
sediments [Ozima et al., 1984; Takayanagi and Ozima, 1987]. Cosmic dust derived 3He 
is therefore unlikely to be significant in the flux of subducted helium into the mantle 
wedge. The helium isotopic composition of subducted sediments is therefore likely to 
include a dominant component of low 3He/4He helium, but the relative importance of 
this sediment-derived component in the overall flux of subducted helium is unclear.
Thus, while it seems reasonable that fluids released from the subducted slab will 
have 3He/4He ratios lower than the MORB values of 12 x 10*6, it is not clear just what 
the ratio of those fluids might be. Nor is it clear to what degree this will lower the 
3He/4He ratio of the mantle wedge from its initial MORB-like value.
5.2.8. Evidence for subducted radiogenic helium
On the basis of correlation between 3He/4He ratios of arc-related fluids and sampling 
distance from the volcanic centre, it was previously argued that a significant component 
of radiogenic helium may be introduced to the fluid samples from the local crust as the 
fluid migrates away from the magmatic source of the high 3He/4He component. Thus, it 
is not possible to use the arc-fluid data summarised in Fig. 5.1 to identify whether the 
3He/4He ratio of the mantle-derived component includes subducted radiogenic helium, 
as this component is obscured by the locally-derived crustal helium. However,
measurements of 3He/4He in glass samples from the Mariana Trough, the back-arc 
basin associated with the Mariana subduction system [Sano et al. 1986], and in fluids 
from the back-arc environment of Japan [Sano and Wakita, 1985], gave values that 
were slightly, but consistently, lower than MORB values (3He/4He between 8 x 10'6 
and 10 x 10’6). Both Sano and Wakita [1985] and Sano et al. [1986], interpreted the 
3He/4He ratios lower than MORB values to indicate a subducted component of 
radiogenic 4He in the mantle source of these samples. Thus it appears that some of the 
variation in the 3He/4He ratios observed in arc-related fluids may be in part a result of 
subducted radiogenic helium. Note that although this subducted component of 
radiogenic helium is mantle-derived in the sense that it is present in the mantle source of 
the arc magmas, it is also crustal-derived in the sense of being subducted. This 
illustrates why the term 'radiogenic' helium is preferred to the term 'crustal-derived' 
helium when refering to the low ^He/^He component observed in arc-related fluids.
5.2.9. 3He/4He ratios in arc-related fluids: Summary
To summarise, there is evidence for a flux of primordial mantle-derived helium through 
subduction systems based upon measured 3He/4He ratios of up to 11.5 x 10'6 in arc- 
related fluids. Overall, the observed 3He/4He ratios vary by an order of magnitude from 
MORB-like values down to ratios similar to, or lower than, atmospheric values. The 
simplest explanation for this variation is mixing of helium derived from a MORB-like 
mantle wedge and from the crust, having 3He/4He ratios of about 12 x 1CH\ and less 
than 0.2 x 10‘6, respectively. Addition of atmospheric helium, and isotopic fractionation 
effects are unlikely to generate more than relatively minor variations in the observed 
3He/4He ratios, and can not account for the order of magnitude variation in 3He/4He 
ratios observed in arc-related fluids. Variation in the 3He/4He ratios that correlate with 
distance from the volcanic centre, and the timing of volcanic events, indicates that the 
mantle-derived helium is transported to the surface by ascending arc magmas, and that 
this high 3He/4He component is progressively diluted with crustal helium as the fluids 
migrate away from the magma body. On a regional scale, there is a clear distinction 
between the helium isotopic ratios of the fluids collected from the fore-arc region, and 
those collected from within the volcanic arc and back-arc regions. The fore-arc fluids 
are dominated by radiogenic helium derived from the crust, whereas the volcanic arc 
and back-arc regions show clear mantle-derived helium signatures. Finally, although 
there is evidence from back-arc samples for a component of subducted radiogenic 4He 
in the mantle sources of arc magmas, derived from fluids extracted from the downgoing 
slab, the presence of the locally-derived crustal component prevents the data obtained 
from fluids being used to precisely constrain the 3He/4He ratios of the mantle source of 
arc magmas.
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5.3. Helium in Arc-related Phenocrysts and Xenoliths
It has been demonstrated that high temperature phases such as olivine and 
clinopyroxene trap small amounts of noble gases from their parent magmas [e.g. 
Kaneoka and Takaoka, 1978, 1980; Kaneoka et al., 1983]. Thus, high temperature 
phases such as olivine and clinopyroxene offer the chance to study the noble gas 
composition of the magma prior to the magma equilibrating with the atmosphere. This is 
an important point, as the rapid and essentially complete equilibration of subaerially 
erupted lavas with the atmosphere has been demonstrated by many previous workers, 
and indeed, is one of the fundamental requirements of the K/Ar radiometric dating 
technique.
In comparison to the significant body of helium measurements in arc-related 
fluids, the number of analyses of the isotopic compositions of helium in phenocrysts 
and xenoliths from arc-related lavas is very small. Results from only 16 samples have 
been published previous to this study. These results are summarised in Table 5.1 .
Table 5.1 illustrates that the published helium data from arc-related phenocrysts 
and xenoliths are broadly consistent with the data from fluids discussed earlier. 
3He/4He ratios range from low values of 3 x 10‘6 to a maximum value of 11.1 x 10'6, 
the latter similar to the typical MORB 3He/4He ratio of 12 x 10~6. This range in 
3He/4He ratios is interpreted in a similar fashion: mixing of MORB-like helium 
characterised by high 3He/4He ratios, and radiogenic helium characterised by a low 
3He/4He ratio. Accepting that the noble gases trapped in these phenocrystic and 
xenolithic phases record the noble gas composition of the host melt at some time prior to 
eruption, and assuming that post-eruptive effects such as, for example, the ingrowth of 
radiogenic 4He, is negligible, then this range in 3He/4He ratios indicates that a 
significant component of crustal helium is present in the magmas. Such a conclusion 
could not be drawn from the data for fluids, where the addition of radiogenic helium as 
the fluids migrate through the local crustal rocks complicates the interpretation of the 
3He/4He data. However, it is not clear whether the radiogenic component of helium 
observed in the phenocryst and xenolith samples was derived from the mantle source 
regions of the parent magmas from, or from interaction between ascending magmas and 
the overlying crust and upper mantle.
Table 5.1. Summary of published 3He/4He ratios and 4He abundances in subduction- 
related phenocrysts and xenoliths.
Location Sample
#
Sample
Type
3He/4He
(10-6)
4He
(IO'8)
Aleutian Is.a Mt. Adagdak AL-30-81 ol 11.1 (1) 0.9
Marianas a Eifuku Seamount TT192D30 ol 9.3 (1) 0.14
Ruby Seamount TT192D01 ol 9.9 (1) 0.34
cpx 9.7 (1) 0.64
Guatemala a Pacaya Volcano ol 9.5 (1) 4.8
Indonesia b Batur ol 8.8 (8) 0.21
Sangeang Api cpx 6.52 (6) 0.66
Batu Tara cpx 3.44 (4) 0.15
Japan c t Inamura-Dake px¥ 8.8 (12) 8.9
Kamchatka d>e Avacha 70/127a xeno 4.4 (2) 18.0
Avacha 70/110b xeno 3.6 (3) 25.0
Avacha 70/110 xeno 3.0 * 25.0
Avacha 1 p-xeno 3.0 § 6.6
Kronotsky Sopka 2 p-xeno 3.9 § n.q.
Avacha 3 ol-xeno 9.0 § 10.0
Kamchatka 4 ol-xeno 8.6 § 3.5
Numbers in brackets list uncertainty in last quoted digits as given in literature source, ol 
indicates olivine, cpx indicates clinopyroxene, xeno indicates ultramafic xenolith, p- 
xeno indicates peridotite xenolith, ol-xeno indicates olivine xenolith, n.q. indicates 
helium abundance not quoted in literature source. Errors in helium abundances between 
5 % and 20 %.
t Only sample to include argon isotopic analysis; 40Ar/36Ar = 356 ± 8 
¥ Not specified whether clino- or orthopyroxene 
$ Error not quoted
§ Errors only specified to be between 5 and 20 percent
a Poreda and Craig [1989] 
b Hilton and Craig [1989]
c Marty et al. [1989]
d Tolstikhin et al. [1972]
e Tolstikhin et al. [1974]
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5 A. Excess Argon in Arc-related Fluids
In contrast to the large number of helium isotopic measurements, only about sixty 
analyses of argon isotopic ratios of arc-related fluids have been reported [Nagao et al., 
1981; Torgersen et al., 1982; Hulston et al., 1986; Staudacher and Allegre, 1988]. 
Observed argon ratios are generally near-atmospheric with 40Ar/^6Ar between 291 and 
310, and with a maximum 40Ar/36Ar of 330. The only exception is a sample from 
Ketatahi Springs, an area of acid hot springs and fumaroles on the northern flanks of 
Tongariro, a large andesitic volcano in New Zealand. This sample was reported to have 
a 40Ar/36Ar ratio of 401 by Torgersen et al. [1982].
The near-atmospheric argon isotopic composition of the fluids indicates that the 
majority of argon in arc-related fluids is dissolved atmospheric argon. This is consistent 
with the largely meteoric origin of most crustal fluids. It is stressed that although an 
atmosphere-derived component dominates the argon in arc-related fluids (and by 
extension the other heavier noble gases, Ne, Kr, and Xe), atmospheric helium is not an 
important component in arc-related fluids owing to the relatively low concentration of 
helium in the atmosphere. In this sense, helium is decoupled from the heavier noble 
gases whenever atmosphere-derived noble gases are incorporated into a sample.
The small component of excess 40Ar observed in arc-related fluids is compatible 
with water-rock interaction leaching radiogenic 40Ar from local crustal materials, or 
alternatively, may reflect a relict high 40Ar/36Ar ratio component from the mantle. 
However, given that the variation in ^He/^He ratios in arc-related fluids is interpreted in 
terms of mixing of mantle and crustal helium (Section 5.2.4), then the excess 40Ar 
observed in the fluids seems likely to be predominantly derived from local rock-water 
interaction.
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6Northern New Zealand, Tonga - Kermadec, and 
Vanuatu: General Geology, Volcanology and
Geochemistry
"The noble science o f Geology loses glory from the 
extreme imperfection o f the record"
Charles Darwin
6.1 Introduction
The utility of noble gases as geochemical tracers was discussed in Chapters 2, 3 and 4, 
and their application to the study of volatile behaviour in subduction systems was 
reviewed in Chapter 5. However, in regard to subduction systems, previous workers 
have restricted themselves almost exclusively to the measurement of helium isotopic 
ratios in fluid samples (approximately 480 published analyses). The analysis of noble 
gases trapped in phenocrystic and xenolithic mineral samples from arc-related lavas is 
restricted to just 16 helium analyses. The only heavier noble gas to be commonly 
measured is argon, with analyses of 58 fluid samples and one pyroxene sample reported 
in the literature (see Section 5.4).
Volatiles trapped within phenocrystic and xenolithic samples are likely to record 
the noble gas composition of the magma at some time before eruption. Thus, the study 
of noble gases trapped in mineral samples has advantages over the study of noble gases 
dissolved in fluid samples. First, the local addition of radiogenic noble gases to the 
fluids, which commonly occurs as the fluids migrate through crustal rocks, may not 
occur in mineral samples, and second, an atmosphere-derived component, although
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present, may possibly be smaller and allow a clearer view of the heavier noble gas 
composition of the magma before equilibration with the atmosphere.
For these reasons, this study has focussed on the measurement of all five noble 
gases extracted from subduction-related phenocrystic olivine and clinopyroxene from 
the volcanic arcs of the southwest Pacific Rim, namely, New Zealand, the Tonga- 
Kermadec Ridge, and Vanuatu. The principle aim of the project was to attempt to detect 
mantle-derived heavier noble gases in arc-related samples that would place constraints 
on the noble gas composition of the mantle source of arc magmas. This in turn might 
allow some conclusion regarding the subduction of atmospheric noble gases into the 
mantle to be drawn. In addition, a suite of phenocrystic and xenolithic olivine from the 
young intraplate basalts of the Auckland and Northland provinces of northern North 
Island, New Zealand, and two back-arc basin basaltic glasses from the extreme 
southern end of the Havre Trough, were analysed to provide a comparison to the 
subduction-related samples. Note that the intraplate lavas of Northland and Auckland 
are not considered to be related to a hotspot or mantle plume.
This chapter presents an overview of the tectonic structure, volcanology, 
geology, geochemistry and petrography of the volcanic provinces from which the 
samples were collected. Specific details of the location, petrology, geochemistry and 
geological age of the samples are given in Appendices 2, 3, 4, and 5.
62 . Tectonic Overview
The area of interest in this study is a 3,600 km stretch of the convergent plate margin 
between the Australian and Pacific plates, from the central North Island of New Zealand 
in the south, to the Vanuatu Arc in the north. The nature of the plate boundary changes 
significantly along its length and can be subdivided into four major sections shown in 
Fig. 6.1 . From south to north these are: (a) northern New Zealand, (b) the Tonga- 
Kermadec Arc, (c) the Hunter Fracture Zone, and (d), the Vanuatu Arc. This boundary 
is tectonically active and structurally complex, with west dipping subduction of the 
Pacific Plate beneath the Australian Plate along northern New Zealand and the Tonga- 
Kermadec Arc, and east dipping subduction of the Australian Plate beneath the Pacific 
Plate along the Vanuatu Arc. These opposed subduction zones are linked, between 
southern Vanuatu and northern Tonga, by the sinistral Hunter Fracture Zone.
The Tonga-Kermadec and Vanuatu arcs are oceanic in character, whereas 
northern New Zealand is continental. Thus, this region of the southwest Pacific offers 
the opportunity to study the noble gas geochemistry of phenocryst and xenolith samples 
from lavas erupted in both oceanic and continental volcanic arcs.
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6.3. Central North Island, New Zealand
6.3.1. Background and regional geology
Oblique convergence of the Pacific and Australian plates has resulted in the subduction 
of the Pacific oceanic plate beneath the continental North Island of New Zealand at a rate 
of about 50 mm a-1 [Walcott, 1978]. Seismic studies [Adams and Ware, 1977; 
Reyners, 1980] identify a Benioff Zone which dips at about 5° from the Hikurangi 
Trough until it reaches a depth of approximately 25 km about 200 km west of the 
trough. The dip then increases to about 20° and continues until it reaches a depth of 
about 80 km beneath the Taupo Volcanic Zone, where the dip angle increases again to 
about 55°. The Benioff Zone maintains this dip until it reaches its maximum depth of 
250 km beneath the western North Island [Reyners, 1980].
This convergent motion has resulted in the development of the Taupo-Hikurangi 
arc-trench system. From east to west the Taupo-Hikurangi margin consists of: (a), the 
Hikurangi Trough, a shallow (< 3 km depth) subduction trench, (b), an accretionary 
prism up to 150 km wide and characterised by large scale thrust faults which show an 
increasing dextral component towards the west, (c), a frontal ridge of rapidly uplifting 
(2 to 7 mm a*1; Wellman [1967]) Upper Paleozoic to Mesozoic greywackes and 
argillites which define the central axial ranges of the North Island, and (d), the Taupo 
Volcanic Zone (TVZ), an active volcanic arc and marginal basin which lies 200 to 270 
km west of the structural trench (Fig. 6.2) and about 80 km above the Benioff Zone 
[Cole and Lewis, 1981; Cole 1984]. The TVZ is flanked by extensive plateaux of 
flatlying ignimbrites which were erupted from vents within the zone [Cole, 1981]. 
Further to the west, and outside the nominal boundaries of the Taupo-Hikurangi 
margin, are the volcanic provinces of Taranaki and Alexandra (Fig. 6.2) which lie about 
100 km behind the TVZ where the Benioff Zone is about 200 to 250 km deep [Cole, 
1986]. Both provinces contain lavas which are considered to be subduction-related, but 
are geochemically distinct from the lavas of the TVZ [Briggs, 1986; Neall et al., 1986; 
Briggs and McDonough, 1990].
6.3.2. Taupo Volcanic Zone: structure and setting
The Taupo Volcanic Zone (TVZ) extends some 300 km from Ohakune to White Island 
(Fig. 6.3). The zone can be subdivided into two regions. Along the eastern margin of 
the TVZ lies a chain of predominantly andesitic volcanoes, which stretch from the 
Tongariro volcanic centre in the south to White Island in the north. This volcanic chain 
is regarded as a subduction-related volcanic arc and is termed the main andesite arc 
[Cole and Lewis 1981; Cole, 1984]. To the west of the main andesite arc is a series of 
linear fault depressions collectively referred to as the Taupo-Rotorua Depression
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Figure 6.1. (opposite page) Simplified tectonic structure of the Pacific - Australian 
convergent plate boundary in the New Zealand - Vanuatu region. Major structural 
elements from south to north are: (a) the Hikurangi Trough and Taupo Volcanic Zone 
of the continental North Island of New Zealand, (b), the Tonga - Kermadec Arc 
comprising the Tonga - Kermadec Trench and Ridge, Lau Basin - Havre Trough back- 
arc basin, and the Lau - Colville Ridge, (c), the Hunter Fracture Zone, and (d), the 
Vanuatu Arc (after Duncan and McDougall [1989]). Labelled arrows show the motion 
of Pacific Plate with respect to the Australian Plate in mm/a (plate motions from Walcott 
[1978]).
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Figure 6.2. Location of young volcanic regions in the North Island, New Zealand. 
Subduction-related volcanics of the Taupo Volcanic Zone (TVZ), Alexandra Volcanic 
Centre (AVC) and Egmont Volcanic Centre (EVC) in stippled pattern. Intraplate basalt 
volcanics of the Northland Volcanic Province (NVP) and Auckland Volcanic Province 
(AVP) in solid pattern. Labelled arrows show the motion of the Pacific Plate relative to 
the Australian Plate in mm/a (plate motions from Walcott [1978]). Also shown is the 
approximate location of the Hikurangi Trough where active subduction of the oceanic 
Pacific Plate beneath continental New Zealand occurs.
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Figure 6.3. Major volcanic centres of the Taupo Volcanic Zone, central North Island, 
New Zealand: 1 - Tongariro, 2 - Taupo, 3 - Maroa, 4 - Rotorua, 5 - Okataina. Large 
solid triangles show locations of andesite - dacite activity of the "Main Andesite Arc" : 
WI - White Island, Wh - Whale Island, M - Manawahe, E - Edgecumbe, Mn - 
Maungaongaonga and Maungakakaramea, Ta - Tauhara, P - Pihanga, Ka - Kakaramea, 
To - Tongariro, Ru - Ruapehu. Asterix symbols show locations of high alumina basalts 
associated with the rhyolites of the Taupo, Maroa and Okataina centres, and peripheral 
basalts and basaltic andesites of the Tongariro centre: m - Matahi, R - Rotokawau, Tw - 
Tarawera, J - Johnson's Road, On - Ongaroto (ANU 88242), TK - Tatua and Kakuki, 
B - Ben Lomond, k - K Trig, K - Karangahape andesite (ANU 88245), W - Waimarino 
(ANU 88244), Z - Pukeonake (ANU 88208), Pukekaikiore (ANU 90064), Mahuia 
(ANU 88207) and P.H.47 (ANU 88209 & 90067), Oh - Ohakune (ANU 88206). 
(After Cole [1972, 1979]).
[Grhdley, 1960], that define a growing tectonic graben which is filled with 2 to 4 km 
of mainly rhyolitic pyroclastic material [Cole, 1979].
The extensional nature of the Taupo-Rotorua Depression is clearly demonstrated 
by geodetic triangulation surveys, and by the normal offset on the numerous faults 
which run the length of the zone, many of which have been active within the last 10,000 
years [Naim, 1971]. The rate of widening, at least in the northern part of the zone, is 
estimated at 7 ± 3 mm a*1, with no observable strike slip component [Walcott, 1978; 
Sissons, 1979; Grapes et al., 1987]. The strike slip component of the oblique 
convergence of the Pacific and Australian plates is partitioned into the dextral strike slip 
faul'.s of the North Island Shear Belt to the east of the TVZ with a combined dextral 
displacement estimated to be 14 to 18 mm a '1 [Sissons, 1979]. Seismic refraction and 
heal flow studies [Stem, 1985, 1987; Stem and Davey, 1987; Stern et al., 1987] 
indLate that the depression consists of thin (15 ± 2 km) continental crust with very high 
heat flow of greater than 860 mW n r 2. This extensional tectonic setting can be traced 
eastwards into the main andesite arc where the volcanic vents show alignments 
controlled by en echelon normal faulting [Grindley, 1960; Cole, 1984].
The graben structure of the central and western TVZ is regarded as a back-arc 
extensional basin within the continental crust of the North Island, which Cole [1984] 
referred to as an ensialic marginal basin. Together the main andesite arc and the ensialic 
marginal basin are considered the continental extensions of the island arc and back-arc 
bas.n of the Tonga-Kermadec Ridge and Lau-Havre Trough system [Karig, 1970a, 
1970b; Cole and Lewis, 1981].
6.3.3. Volcanic centres of the Taupo Volcanic Zone
Widiin the TVZ the majority of lavas and pyroclastics are associated with five distinct 
volcanic centres: Tongariro, Taupo, Maroa, Rotorua and Okataina (Fig. 6.3). The most 
striking aspect of the distribution of volcanics is the almost complete geographic 
separation of andesites and dacites from rhyolites and basalts. Over 95 percent of the 
ancesitic lavas are found in the southernmost volcanic centre of Tongariro, whereas the 
four northern centres are almost exclusively rhyolitic with small volumes of high 
alumina basalt [Cole, 1979; 1981]. The total volume of eruptive materials is estimated to 
be greater than 10,000 km3, and may be as high as 12,000 km3, the vast majority of 
which (>97.5%) are rhyolitic pyroclastics. The remaining material consists of about 260 
krr3 of andesite (2.1%), 5 km3 of dacite (<0.1%), and only 2 km3 of basalt [Cole 
1979, 1981]. Associated with the volcanic centres are extensive geothermal fields, some 
of which are large enough to be economically important for geothermal power 
production, such as at the Wairakei Geothermal Field just north of Lake Taupo 
[Hedenquist, 1986].
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Figure 6.4. Andesite massifs and peripheral vents of Tongariro Volcanic Centre, 
southern Taupo Volcanic Zone, New Zealand: solid triangles indicate approximate 
positions of major eruptive vents within the main andesite massifs: Ma - Maungakatote, 
Ka - Kakaramea, Pi - Pihanga, To - Tongariro (N - Ngauruhoe), H - Huahungatahi, Ru 
Ruapehu. Asterix symbols show locations of peripheral basalts and basaltic andesites 
collected for noble gas analyses: W - Waimarino (ANU 88244), PH - P.H.47 (ANU 
88209 & 90067), Pn - Pukeonake (ANU 88208), Pk - Pukekaikiore (ANU 90064), M 
- Mahuia (ANU 88207), Oh - Ohakune (ANU 88206). Dotted line shows approximate 
extent of lahar deposits. LR - Lake Rotoaira. (After Cole [1978a]).
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(i) Tongariro Volcanic Centre 
Distribution and eruptive history
The Tongariro volcanic centre lies at the southern end of the TVZ and comprises the 
four main andesite massifs of Ruapehu, Tongariro (including Mt Ngauruhoe), Pihanga, 
and Kakaramea, as well as the smaller peripheral vents Maungakatote, Pukeonake, 
Haihungatahi, and Ohakune (Fig. 6.4). For the purposes of this discussion the lavas of 
Waimarino, a fifth peripheral vent exposed on the banks of the Waimarino River some 
15 km ENE of Pihanga, are included in the Tongariro volcanic centre because of 
gecchemical affinities to the other lavas of the centre [Graham and Hackett, 1987]. 
Ruapehu and Tongariro are both large, predominantly andesitic, composite 
stratovolcanoes comprising numerous individual vents which show an older NW-SE, 
anc a younger NNE-SSW, alignment [Cole, 1978a], and are surrounded by an 
extensive ring plain of laharic and airfall tephra materials. The location of the smaller 
penpheral vents appears to be controlled by the dominant NNE-SSW trend of the TVZ. 
The volcanic landforms associated with the peripheral vents are small scoria cones and 
tuf: rings built during strombolian style eruptions. Early work on the Tongariro 
volcanic centre is summarised by Gregg [1960], and more recently by Cole [1978a] and 
Cole et al. [1986].
The time at which activity began in the Tongariro volcanic centre is not precisely 
constrained. The oldest dated lava, from Tama Lakes on the southern flanks of the 
Tongariro massif, gave a K/Ar date of 260 ± 3 ka [Stipp, 1968]. Ngauruhoe is the 
yo.ingest of the volcanoes in the Tongariro volcanic centre and is believed to have been 
emirely constructed within the last 2500 years [Topping, 1974]. Four historical 
eruptions or eruption sequences have occurred within the Tongariro volcanic centre. 
Magmatic activity with associated lava flows and lava fountaining occurred from the 
summit of Ngauruhoe between May 1954 and March 1955. In 1975 Ngauruhoe was 
again active, with a series of vulcanian eruptions which generated small pyroclastic 
avalanches. The other two historical eruption sequences occurred in the crater of 
Ruapehu, with extrusion of a lava dome in 1945, and with a series of phreatic to 
phreatomagmatic eruptions through the Crater Lake which generated major lahars on 
flanks of the volcano between 1964 and 1982 [Cole et al., 1986].
Petrography and geochemistry
Extensive discussions of the petrology and geochemistry of Tongariro lavas have been 
given by Clark [1960], Cole [1978a], Cashman [1979], Houghton and Hackett [1984], 
Graham [1985], Hackett [1985], Cole et al. [1986], Graham and Hackett [1987], 
Patterson and Graham [1988], and Gamble et al. [1990, 1992].
Petrographically, the lavas are typically porphyritic with phenocrysts of 
plagioclase (pi), clinopyroxene (cpx), orthopyroxene (opx), occasional olivine (ol) and
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rare hornblende. Plagioclase andesites (pi »  px), and plagioclase-pyroxene andesites 
(pi ~ px), are common throughout the Tongariro Volcanic Centre. Olivine andesites (ol 
> 1.0 %) are widely distributed and are also found in the peripheral centres of 
Maungakatote, Pukeonake, Hauhungatahi, and Ohakune. Basalts (SiÜ2 < 53 %) are 
only found at Red Crater (Tongariro), as a single flow on Ruapehu, and at the 
peripheral vent of Waimarino. Dacites (SiÜ2 > 63%) are relatively rare.
Olivine appears in lavas spanning the entire compositional range from basalts to 
dacites, but comprises greater than one percent of the mode only in a few basalts and 
basaltic andesites; in the Waimarino Basalt it comprises 17 percent of the mode. Olivine 
has not been identified in the groundmass of any lava described. Overall compositions 
range from F094 to F074, with most olivines normally zoned from Foss to F078 
[Graham and Hackett, 1987]. Clinopyroxene is present as a phenocrystic phase in all 
lavas. The clinopyroxenes show a restricted range of augitic compositions from 
Ca43Mg47Feio to Ca34Mg4 iFe25, and are typically normally zoned, with rims showing 
similar compositions to groundmass microlites [Graham and Hackett, 1987].
Using Gill's [1981] classification, most lavas of the Tongariro volcanic centre 
are medium-K orogenic andesites but includes examples that range from basalts to 
dacites. All reported lavas are quartz-hypersthene normative [Graham and Hackett, 
1987]. Using a combination of bulk-rock geochemistry, isotopic composition, and 
petrography, Graham and Hackett [1987] subdivided lavas of the Tongariro volcanic 
centre into six subgroups which are termed Type 1 to Type 6 . Each of the six groups is 
interpreted as having distinct, although related petrogenetic histories. Successful 
petrogenetic models for the lavas of the Tongariro volcanic centre can be constructed 
using a combination of plagioclase, olivine, augite and magnetite (POAM) fractionation, 
plus assimilation of granitic partial melt of greywacke-gneiss countryrock [Graham and 
Hackett, 1987; Patterson and Graham, 1988]. The Type 5 lavas, which are olivine 
phyric lavas from the peripheral vents of Pukekaikiore, Hauhungatahi, Ohakune, and 
Waimarino, show the simplest petrogentic trends and can probably be generated by 
simple crystal fractionation of clinopyroxene, olivine, plagioclase and chrome spinel 
from suitable basaltic parents without significant degrees of crustal contamination 
[Graham and Hackett, 1987; Patterson and Graham, 1988]. In contrast the Type 1 to 
Type 4 lavas, which comprise the majority of lavas erupted from the main eruptive 
centres, require up to 30 percent assimilation of crustal materials in addition to POAM 
fractionation [Graham and Hackett, 1987]. The Type 6 lavas appear to represent a rare 
hybrid magma type generated by mixing of primitive (basaltic) and more evolved 
(dacitic) magmas, and are recognised at Pukeonake and comprising one flow on 
Ruapehu.
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(ii) Taupo, Maroa, Rotorua and Okataina Volcanic Centres 
To the north of the Tongariro volcanic centre lies the four rhyolitic centres of Taupo, 
M ana, Rotorua and Okataina (Fig. 6.3). Each of these centres except Okataina is 
considered to be a multiple caldera formed by collapse of the vent area after the eruption 
of voluminous (>10,000 km3) ignimbrite sheets that flank the TVZ [Cole 1981; Wilson 
et ai., 1986]. In addition there are small volumes (« 2 km3) of predominantly high 
alumina (AI2O3 > 16.5%) basalts comprising small scoria cones, flows and airfall 
tephras. These include the Matahi, Rotokawau and Tarawera basalts in the Okataina 
volcanic centre, Johnson's Road, Ongaroto, Tatua, and Kakuki basalts in the Maroa 
volcanic centre, and the K-Trig and Ben Lomond Road basalts associated with the 
Tauao volcanic centre (Fig. 6.3). The locations of these basalts show alignments along 
thres lineaments, probably corresponding to major faults of the Taupo-Rotorua 
Depression [Cole, 1973]. These basalts are distinctive from those of the Tongariro 
volcanic centre which show lower AI2O3 and MgO [Cole, 1973, 1981]. The exception 
to the generally high alumina nature of these lavas is the Ongaroto Basalt from the 
Maioa centre which has a lower AI2O3 content of 15.6 percent, and distinctive large 
olivine phenocrysts (up to 6 mm) interpreted as evidence for olivine accumulation 
[Cole, 1973; Gamble et al., 1990]. The Taupo Volcanic Centre also includes the 
Karangahape basaltic andesite (Fig. 6.3).
Petrogenesis o f rhyolites and high-alumina basalts
The rhyolitic eruptives of the TVZ are generally considered to be partial melts of lower 
crustal rocks [e.g. Clarke 1960; Ewart, 1963; Steiner, 1963; Ewart and Stipp, 1968; 
Cole 1979, 1981; Reid, 1983], possibly derived from greywacke-argillite basement of 
Mesozoic age. This interpretation is in accord with the thin crust (15 ± 2 km) and high 
heat flux (> 860 mW m '2) of the TVZ [Stem, 1987; Stern and Davey, 1987; Stem et 
al., 1987].
The high alumina basalts of the TVZ are thought to be mantle-derived, and 
appear to be associated with the intrusion of basaltic dykes within the extensional 
Taupo-Rotorua Depression [Cole, 1973, 1981]. The relatively small volumes of basalts 
is possibly because the ascent of these magmas to the surface has been hindered by the 
density filtering effect of the thin low density continental crust of the TVZ. Crystal 
fractionation and accumulation of olivine ± plagioclase, followed by clino- and 
orthopyroxene and Fe-Ti oxides would lead to the more evolved basalt types [Gamble et 
al., 1990, 1992].
6.3.4. Alexandra Volcanic Province
The Alexandra Volcanic Province lies within the Waikato Region of the western North 
Island, between 95 and 115 km behind the Taupo Volcanic Zone (Fig. 6.2), where the 
Benioff Zone is between 220 and 250 km deep [Adams and Ware, 1977; Briggs and
McDonough, 1990]. The Alexandra Volcanics cover about 450 km(i) 2 with approximately 
55 km3 of material erupted from at least 40 volcanic centres, which show a marked 
regional alignment along a NW-SE trend at right angles to the Taupo Volcanic Zone 
[Briggs, 1983]. Major eruptive centres include the large stratovolcanoes of Karioi and 
Pirongia, and the smaller cones of Kakepuku and Te Kawa, which are surrounded by 
numerous small eroded scoria cones, basalt flows and tuff rings such as found in 
Kirikiripu, Karamu, and Koponui (Fig. 6.5) [Briggs, 1983]. Tectonically, the 
Alexandra Volcanics are considered to lie within a back-arc extensional setting [Briggs 
and McDonough, 1990]. Geophysical investigations suggest that the area consists of 
relatively thin (22 to 28 km) continental crust, with a moderate heat flux of 75 to 85 mW 
n r2, and is underlain by a seismic low velocity mantle between 75 and 120 km depth 
[Hatherton, 1970; Mooney, 1970; Stem and Davey, 1987; Stem et al., 1987].
The age of volcanism within the Alexandra volcanic province is constrained to 
be within 2.7 and 1.6 Ma on the basis of K/Ar ages [Stipp et al., 1967; Stipp, 1968; 
Robertson, 1976; Briggs et al., 1989], significantly older than the volcanism of TVZ 
(Section 6.3.3).
The Alexandra volcanics consist of two contrasting but coeval magma suites 
which correlate with volcanic landform. A volumetrically dominant, subduction-related 
suite comprises the major stratocones of Karioi and Pirongia, as well as Kakepuku and 
Te Kawa, and is termed the convergent margin series by Briggs and McDonough 
[1990]. The second suite comprises the alkali intraplate series comprising the smaller 
scoria cones, basalt flows and tuff rings, and is termed the Okete Volcanics by Briggs 
and Goles [1984]. The Okete Volcanics may be regarded as another member of the 
intraplate volcanic provinces of Northland and Auckland (see Section 6.5), and show a 
number of geochemical affinities to those fields [Briggs and Goles, 1984]. The 
contemporaneous eruption of two lava suites having significantly different geochemical- 
tectonic affinities within the same volcanic province is quite remarkable, and has been 
the subject of intensive study by Briggs and McDonough [1990].
(i) The Convergent Margin Series
Briggs and McDonough [1990] use the non-definitive term 'convergent margin series'
to describe the suite of subduction-related lavas. A wide range of compositions 
including ankaramites (>25% normative diopside), transitional olivine basalts (<3% 
normative hypersthene and <25% normative diopside), olivine tholeiites (>3% 
normative hypersthene), high alumina basalts (>17 weight % AI2O3) and medium to 
high-K low silica andesites are recognised by Briggs [1986]. Augite, olivine, 
plagioclase, hornblende and titanomagnetite are common phenocrystic phases in lavas 
that are typically coarsely porphyritic, mainly holocrystalline, and poorly vesicular 
[Briggs, 1986; Briggs and McDonough, 1990].
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Figure 6.5. Alexandra Volcanic Centre, Waikato Region, North Island, New Zealand. 
Sub due don-related volcanics of the Convergent Margin Series are shown by the light 
stippling pattern: Kr - Karioi, P - Pirongia, K - Kakepuku, TK - Te Kawa, T - 
Tokanui, Waikeria, N - Ngahape. Intraplate basalts of the Okete Volcanics are shown in 
the dark stippling pattern: oq - Okete Quarry, k - Kirikiripu, hh - Houchens Hill, wh - 
Whirauroa, ka - Karamu, ko - Koponui, tp - Taranaki Point. Towns shown by solid 
squires: H - Hamilton, TA - Te Awamutu, Ot - Otorohanga. Solid triangles show 
location of vents. Asterix symbols show location of samples from Kakepuku (ANU 
88247) and Te Kawa (ANU 88248) analysed for noble gases. (After Briggs [1986] and 
Briggs et al. [1990]).
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Geochemical modelling suggests that the lavas of the convergent margin series 
are genetically linked by closed system polybaric fractional crystallisation of the 
observed phenocryst phases. The more primitive ankaramites and transitional olivine 
basalts show geochemical features and isotopic compositions that are typical of 
subduction-related magmas, but unlike the magmas of the TVZ, show no evidence for 
significant crustal contamination [Briggs and McDonough, 1990]. The mantle source 
for the convergent margin series is considered to require three components: a MORB- 
like source, a component derived from the deep subducted oceanic slab, and a minor 
component derived from subducted sediments. The evidence for the sediment 
component is found in the Pb isotopic data, and in negative europium anomalies 
(Eu/Eu* * 0.86) [Briggs and McDonough, 1990].
(ii) The alkali intraplate Okete Volcanics
The lavas of the Okete Volcanics are typically finegrained and porphyritic with olivine, 
augite, plagioclase and Fe-Ti oxides as phenocryst phases [Briggs and Goles, 1984]. 
Okete Volcanics have compositions typical of intraplate basalts, with Si02 contents that 
vary between 43 and 49 percent, and include basanites (>5% normative nepheline), 
alkali olivine basalts (0 to 5% normative nepheline), and hawaiites (normative olivine 
and andesine) [Briggs and McDonough, 1990], and many contain mantle-derived 
ultramafic nodules (Section 6.5.5).
The origin of the Okete lavas is uncertain, but probably is similar to that for the 
intraplate basalts of Northland and Auckland. Briggs and Goles [1984] argued for 
derivation from a garnet bearing lherzolite source. Briggs and McDonough [1990], on 
the basis of low Ba/La (11) and Ba/Nb (10) ratios, suggested that the Okete magmas 
were generated in the mantle wedge at pressures exceeding 20 kbar. However, despite 
the close temporal and spatial relationship of the Okete Volcanics and the convergent 
margin series within the Alexandra Volcanics, isotopic data along with critical 
incompatible trace element ratios, appears to preclude involvement of fluids or melts 
derived from the subducted slab in the mantle source of the Okete Volcanics [Briggs and 
McDonough, 1990].
6 A . Oceanic Island Arcs: Tonga-Kermadec and Vanuatu
6A.1. Development of the Tonga-Kermadec and Vanuatu Arcs
The development of the present day configuration of the Tonga-Kermadec and Vanuatu 
Arcs involves complex interaction between the Australian and Pacific Plates. Prior to 
about 12 Ma ago, westward subduction of the Pacific Plate beneath the Australian Plate 
appears to have occurred along a continuous convergent margin now seen as the active
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Tonga-Kermadec Arc, and the inactive fossil trench and ridge of the Vitiaz Arc (Fig.
6.1) . Approximately 12 Ma ago, this continuous arc was disrupted by the change over, 
or reversal, of arc polarity along the northern section of the arc, which resulted in the 
eastward subduction of the Australian Plate beneath the Pacific Plate. This eastward 
subduction continues along the active Vanuatu Arc, which has migrated clockwise away 
from the Vitiaz Arc alignment by opening of the North Fiji Basin and by sinistral shear 
along the Hunter Fracture Zone. The evidence for this sequence of events is discussed 
in more detail by Karig and Mammerickx [1972], Gill and Gorton [1973], Falvey 
[1978], Carney and Macfarlane [1982], Kroenke [1984], Carney et al. [1985], and 
Auzende et al. [1988].
6.4.2. The Tonga-Kermadec Arc
(i) Background and regional geology
The Tonga - Kermadec Volcanic Arc System (hereafter TKAS), a series of near parallel 
lineaments which stretches about 2000 km from the Bay of Plenty, New Zealand, 
north-northeast to just south of the Samoan Islands, is related to the subduction of the 
Pacific Plate beneath the the Australian Plate along the Tonga - Kermadec Trench (Fig.
6.1) . The TKAS can be subdivided into a nonhem and southern section on the basis of 
bathymetry, seismic activity, and petrochemistry of related eruptives [Ewan et al., 
1977]. The boundary between the two sections occurs where the Louisville Ridge 
intersects the arc system approximately halfway along the TKAS (Fig. 6.6).
The nonhem section comprises, from east to west, the Tonga Trench, Tonga 
Ridge, Lau Basin, and Lau Ridge, whereas the southern section comprises the 
Kermadec Trench, Kermadec Ridge, Havre Trough, and Colville Ridge (Figs. 6.1 and 
6.6). Despite the morphological break between the nonhem and southern sections, the 
two regions are considered to comprise a continuous feature [Karig, 1970a].
(ii) The Northern Section 
Tonga Trench and Ridge
The Tonga Trench (Fig. 6.6), which reaches depths of greater than 8000 m, marks the 
site of active subduction of the Pacific Plate beneath the Australian Plate at a rate of 
about 91 mm a '1 [Le Pichon, 1968]. There is a well developed Benioff Zone dipping to 
the west from the Tonga Trench at about 45° which reaches depths of between 650 and 
700 km [Giardini and Woodhouse, 1984].
The Tonga Ridge is the active volcanic arc associated with subduction along the 
Tonga Trench (Fig. 6.6). On the nonhem half of the Ridge lies the Tonga Group, 
which comprises a double chain of approximately north - south trending islands. The 
two chains are distinct geographically and geologically, and are separated by the Tofua 
Trough. Detailed discussions of the geology, volcanology and geochemistry of the 
Tonga Ridge are provided by Fisher and Engel [1969], Bryan et al. [1972], Oversby
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and Ewart [1972], Ewart and Bryan [1973], Ewart et al. [1973, 1977], Ewart [1976], 
Vallier et al. [1985], and Ewart and Hawksworth [1987].
Dredging at the extreme northern termination of the Tonga Ridge [Falloon et al., 
1987], has recovered a suite of high-calcium boninites [Falloon et al., 1989; Falloon 
and Crawford, 1991], which are notable for containing highly magnesian olivines 
(F094) with large (up to 0.2 mm) glass inclusions [Falloon and Green, 1986].
Lau Basin and Ridge
The Lau Basin (Fig. 6 .6) is a triangular depression some 450 km wide in the north, 190 
km wide in the south and 1300 km long, that separates the Tonga and Lau ridges [Gill, 
1976; Hawkins and Melchior, 1985]. The depth to the Benioff Zone is about 100 km on 
the eastern edge of the basin, and increases to about 400 km at the western margins of 
the basin. The Lau Basin is considered to represent an active back-arc basin with a half­
spreading rate of 38 mm a’1 [Malahoff et al., 1982], which exhibits a high heat flow 
and shallow water depths (average depth 2.25 km, Hawkins and Melchior, [1985]). 
The upper mantle beneath the Lau basin has low P-wave velocities [Barazangi and 
Isacks, 1971; Aggarwal et al. 1972]. Magnetic anomalies in the northern part of the 
basin suggest that opening of the basin began around 3 Ma ago [Weissel, 1981; 
Malahoff etal., 1982]. Discontinuities in the magnetic patterns indicate that spreading is 
not symmetrical, occurring by diffuse spreading on numerous short ridge segments.
A detailed discussion of the geology, petrology, and structure of the basin can 
be found in Sclater et al. [1972], Gill [1976], Hawkins [1976], Lawver et al. [1976], 
Hawkins and Melchior [1985], Jenner et al. [1987], Volpe et al. [1988], Loock et al. 
[1990], and Sunkel [1990].
The Lau Ridge (Fig. 6 .6) is a remnant arc extending from the Colville Ridge in 
the south to the hook-like terminus of Fiji in the north [Karig, 1970a]. Prior to the 
opening of the Lau Basin, the Lau Ridge is considered to have been the active arc 
associated with subduction along the Tonga Trench [Packam, 1978; Weissel, 1977]. In 
the north, the Lau Ridge rises above sea level as the islands and reefs of the Lau Group, 
which occur in a zone 800 km long and about 80 km wide. Many islands are maturely 
dissected volcanic cones of middle Miocene to early Pliocene age, the geology and 
petrology of which are discussed by Cole et al. [1985] and Woodhall [1985].
(Hi) The Southern Section 
Kermadec Trench and Ridge
The Kermadec Trench is the southward extension of the Tonga Trench, and reaches 
depths of greater than 8000 m (Fig. 6 .6). To the north, the Kermadec Trench is 
separated from the Tonga Trench by the Louisville Ridge, and to the south passes into 
the less pronounced Hikurangi Trough along the eastern coast of North Island, New 
Zealand. Convergence of the Australian and Pacific Plates along the Kermadec Trench
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Figure 6.6. (opposite page) Bathymetry and islands of the Tonga - Kermadec Arc. Land 
areas shown in black. Water depths: > 6000 m - dark stippling, 6000 to 3000 m - 
medium stippling, 3000 to 1000 m - light stippling, < 1000 m - no shading. For clarity 
the Kermadec, Tonga and Colville Ridges are not labelled (see Fig. 6.1). Islands of the 
Kermadec Group on the Kermadec Ridge: r - Raoul Island, m - Macauley Island, c - 
Curtis Island, e - L'Esperance Rock. Islands of the Lau Group in on the northern Lau 
Ridge labelled LG, Hunter Fracture Zone to the south of Fiji labelled HFZ. 
Approximate sample locations shown by asterix symbols: NT - North Tonga (ANU 
90074), R - Rumble II Seamount (ANU 88291), HT - Havre Trough basaltic glasses 
(ANU 90071 and 90072).
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occurs at a rate of about 47 mm a '1 [Le Pichon, 1968]. A well defined Benioff Zone 
dips westward from the Kermadec Trench at about 55° to 60°, and is separated from the 
less steeply dipping Benioff Zone of the Tongan Trench by a seismic gap [Giardini and 
Woodhouse, 1984].
The Kermadec Ridge is the active volcanic arc associated with subduction of the 
Pacific Plate along the Kermadec Trench. A number of volcanoes rise above sea level to 
form the islands of the Kermadec Group (Fig. 6.6). A number of volcanic seamounts, 
both active and inactive, have been identified in bathymetric surveys, and include the 
Rumble and Silent Seamounts in the south [Kibblewhite and Denham, 1967]. In 
contrast to the Tongan Ridge, there is no evidence of a double chain of volcanoes.
The lavas of the Kermadec islands and seamounts have been studied by Brothers 
[1967, 1970], Brothers and Martin [1970], Brothers and Searle [1970], Oversby and 
Ewart [1972], Ewart et al. [1977], Brothers and Hawke [1981], Ewart and 
Hawkesworth [1987], Smith and Brothers [1988], Smith et al. [1988], and Gamble et 
al. [1990, 1992]. The lavas of the Kermadec Ridge are dominated by both low-K 
tholeiites and basaltic andesites, and are associated with lesser amounts of dacite and 
rhyolite. Overall the Kermadec lavas show greater compositional variety than their 
Tongan counterparts.
Havre Trough and Colville Ridge
The Havre Trough is a linear depression which separates the Kermadec and Colville 
Ridges (Figs. 6.1 and 6.6), and is considered to be the extension of the Lau Basin 
[Karig, 1970a, 1971]. It is an active back-arc basin which has been opening for the past 
1.8 Ma with a calculated half-spreading rate of about 27 mm a '1 [Malahoff et al., 1982]. 
Unlike the Lau Basin, the mantle underlying the Havre Trough does not show low P- 
wave velocities [Barazangi and Isacks, 1971; Aggarwal et al., 1972].
Relatively little is known about the petrology of the Havre Trough lavas. 
Gamble et al. [1990, 1992] report a single analysis of a weakly porphyritic (< 5 % 
phenocrysts), mildly alkaline (normative nepheline = 0.25 %) basalt, dredged from the 
central portion of the Havre Trough.
The Colville Ridge is believed to be the southward extension of the Lau Ridge, 
and therefore probably a remnant arc which became inactive following opening of the 
Havre Trough. Little is known about the petrology of the Colville Ridge as it has not yet 
been dredged.
6.4.3. The Vanuatu Arc
(i) R eg iona l geology
The Vanuatu Arc stretches some 1400 km from the Hunter Fracture Zone in the south, 
to the Solomon Islands Arc in the north (Fig. 6.1), and is related to the eastward 
subduction of the Australian Plate beneath the Pacific Plate at a rate of about 160 mm a*1
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in the north (11 °S to 13°S) and 120 mm a-1 in the south (18°S to 21°S) [Dubois et al., 
1977; Louat and Pelletier, 1989]. For most of its length, the Vanuatu Arc is 
characterised by a well developed trench, except for where the d'Entrecasteaux Fracture 
Zone, a complex bathymetric high comprising a series of horsts and grabens [Maillet et 
al., 1983], intersects the Vanuatu Arc (Fig. 6.7). A steeply inclined Benioff Zone dips 
at 70° eastwards from the trench and can be clearly traced to depths of about 350 km, 
although diffuse seismic activity has been detected as deep as 650 km [Santo, 1970; 
Isacks and Molnar, 1971; Pascal et al., 1978].
The geological structure of the Vanuatu Arc was divided into three major 
geological provinces by Mitchell and Warden [1971] and Mallick [1973]: A Central 
Chain of active and recently active (< 3 Ma) volcanoes related to the present-day 
subduction and sited 150 to 200 km above the Benioff Zone [Isacks and Molnar, 1971; 
Pascal et al., 1978], a Western Belt of late Oligocene to middle Miocene age, and an 
Eastern Belt of Miocene to Pliocene age. The Western and Eastern Belts are also 
referred to as the frontal and third (or remnant) arcs respectively by Karig and 
Mammerickx [1972], Subsequent workers have interpreted the Western Belt to be 
related to pre-reversal subduction along the Vitiaz Trench prior to 12 Ma ago which 
became incorporated within the present fore-arc by the reversal of subduction polarity, 
and the Eastern Belt to represent the initial stages of volcanism related to subduction 
along the Vanuatu Trench between 8 and 3 Ma ago [Carney and Macfarlane, 1982; 
Carney et al., 1985; Eggins, 1989].
The Vanuatu Arc can also be divided into a northern and southern section, 
separated by a central anomalous zone between 14° 30' S and 17° 00' S, where the 
d'Entrecasteaux Fracture Zone abuts the arc. This anomalous section is characterised by 
the lack of a morphologic trench, and by strong recent uplifting of the Western and 
Eastern Belts in the fore-arc and rear-arc areas to form the islands of Santo and 
Malekula, and Mae wo and Pentecost respectively. The uplifted regions of the Western 
and Eastern Belts are separated by the Ambae Basin (formerly called the Aoba Basin by 
previous workers), a region of downwarping and sedimentation since Mio-Pliocene 
times, through which the recent Central Chain volcanoes of Ambae and Ambrym have 
erupted (Fig. 6.7). Despite the lack of a morphological trench, there is no obvious 
decrease in seismic activity or variation in focal distribution of the Benioff Zone beneath 
the anomalous section of the arc [Karig and Mammerickx, 1972]. The anomalous 
features of this arc segment appear to be related to active deformation resulting from the 
collision and subduction of the d'Entrecasteaux Fracture Zone with the Vanuatu Arc 
[Chung and Kanamori, 1978; Collot et al., 1985].
(ii) Geochemistry of Central Chain volcanoes
The petrology and geochemistry of the young Central Chain volcanoes have been the 
subject of extensive studies by a number of workers including McCall et al. [1970],
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Figure 6.7. (opposite page) Tectonic structure and locations of islands of the Vanuatu 
Arc. Islands forming part of the "active" Central Chain are shown in black. The division 
of the arc into northern and southern segments separated by a central anomalous 
segment is indicated by the dashed lines trending normal to the strike of the arc. DFZ is 
the d'Entecasteaux Fracture Zone which is colliding with the central anomalous arc 
segment. The locations of the islands of Ambae (ANU 88297, 88298, 90061) and 
Ambrym (ANU 88296) in the central anomalous arc segment are shown. Other islands 
as follows: SC - Santa Cruz Islands, T - Torres Islands, B - Banks Islands, Ep - Epi, 
Ef - Efate, Er - Erromango, Ta - Tanna, F - Futuna, An - Anatom, Mw - Mathew, H - 
Hunter, s - Santo, mw - Maewo, p - Pentecost, m - Malekula, LI - Loyalty Islands. 
(After Eggins [1989]).
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Mitchell and Warden [1971], Gill and Gorton [1973], Mallick [1973], Colley and 
Warden [1974], Gorton [1974, 1977], Barsdell et al. [1982], Crawford et al. [1988], 
and Eggins [1989]. The lavas are dominated by basaltic compositions (approximately 
70% of analyses, Eggins [1989]), but show significant variation from picrites through 
high-alumina basalts to occasional andesites and rare dacites. Petrographically, the 
basaltic lavas are dominated by olivine-clinopyroxene-plagioclase phenocryst 
assemblages. Hydrous phases are relatively rare [Eggins, 1989]. The Central Chain 
volcanoes of the anomalous section of the arc, namely Ambae and Ambrym, are notable 
for the occurrence of picritic basalts with high magnesium olivine comprising up to 30 
percent of the mode [Warden, 1970; Gorton, 1974, 1977; Eggins 1989].
6.5. Intraplate Volcanics of the Northern North Island, New 
Zealand
6.5.1. Background and regional geology
The Auckland - Northland region comprises the northern 400 km of North Island, New 
Zealand, and includes the Northland and Coromandel peninsulas. Arc-related volcanism 
in the northern North Island began in the Early Miocene (20 to 18 Ma ago), with the 
eruption of the predominantly basaltic Waitakere Arc along the western margin of the 
Northland Peninsula [Hayward, 1979; W right, 1980; W right and Black, 1981]. 
Volcanism subsequently migrated clockwise and southwards through the Northland (18 
to 15 Ma ago) and Coromandel (15 to 6 Ma ago) arcs, becoming progressively more 
silicic with time. This migration culminated in the voluminous production of dacite and 
rhyolite of the Whitianga Arc (6 to 3 Ma ago) [Stipp, 1968; Ballance, 1976; Cole 
1978b; Hayward, 1979]. These arcs are generally considered to be related to a 
westward dipping subduction zone or zones, orientated NW (300° to 355°) [Hatherton, 
1969; Brothers, 1974; Ballance 1976; Hayward, 1979; Cole, 1979, 1986; Cole and 
Lewis, 1981; Ballance et al., 1982].
The cessation of arc-related volcanism in the Northland-Auckland region is 
believed to be a response to changes in the position of the Pacific - Australian rotation 
pole [Walcott, 1984]. This lead to further clockwise migration of volcanism through the 
Tauranga Arc (3 to 0.75 Ma ago), and finally to the present-day location of arc 
volcanism along the SSW-NNE (020° to 025°) Taupo Volcanic Zone about 0.75 Ma 
ago [Ballance, 1976; Cole, 1986].
6.5.2. Intraplate volcanism of Northland and Auckland
In addition to the Miocene - Pliocene arc-related volcanism discussed above, there are a 
large number of young (approximately 2 Ma to Recent), predominantly basaltic,
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volcanoes within the northern North Island which do not appear to be associated with 
arc-related processes [Smith, 1989]. These volcanoes can be subdivided into two 
volcanic provinces on the basis of location and geochemistry: Northland, and Auckland 
(Fig. 6.2). Both provinces occur in tectonically quiet, extensional settings and are 
regarded as intraplate, well removed from the present-day convergent margin [Walcott, 
1984]. The Northland Volcanic Province is 500 km to 700 km northwest of the present 
day convergent boundary, whereas the more southerly Auckland Volcanic Province lies 
350 km to 400 km northwest of the active margin (Fig. 6.2). Crustal thickness in the 
Northland-Auckland region is estimated at about 25 km on the basis of seismic 
refraction surveys [Stem et al., 1987], and has a heat flow of 70 to 80 mW rrr2, slightly 
higher than the continental average of about 60 mW n r2 [Pandey, 1981].
6.5.3. Northland Volcanic Province
The rocks of the intraplate Northland Volcanic Province cover an area of about 2700 
km2 (Fig. 6.8). They are divided into the three smaller volcanic fields; Bay of Islands - 
Kaikohe, Puhipuhi, and Whangarei, collectively referred to as the Kerikeri Volcanics 
[Ashcroft, 1986; Smith 1989]. Note that the smaller Puhipuhi Field is sometimes 
included in the larger Whangarei Field [e.g. Heming 1980a, 1980b].
Volcanic landforms include small scoria cones, extensive multi-flow plateaux, 
shield volcanoes and valley filling flows. Eruption styles were effusive with little or no 
pyroclastic material. Individual lava flows extend up to 10 km from source and reach 
thicknesses of 10 m to 15 m. There is no evidence for phreatomagmatic activity 
[Ashcroft, 1986; Heming, 1980a, Smith, 1989]. The volume of lava from any given 
eruptive centre is generally small (0.2 km3 to 1 km3), although volumes of 
approximately 4 km3 are calculated for two shield volcanoes in the Whangarei Field 
[Heming, 1980b]. On the basis of preservation, the volcanics have been further 
subdivided into two formations. These are the older Horeke Basalts, showing no 
volcanic form and outcropping as ridge outliers and plateau basalts, and the younger 
Taheke Basalts, displaying volcanic forms related to the modem day topography [Kear 
and Hay, 1961; Mason, 1953; Thompson 1961].
K/Ar ages [Stipp, 1968; Stipp and Thompson, 1971] date the onset of activity in 
the Whangarei Field at about 2.3 Ma ago, and around 1.3 Ma ago in the Bay of Islands 
- Kaikohe Field. 14C dating of carbonised wood buried beneath lava at Te Puke 
indicates that volcanism within the Bay of Islands - Kaikohe Field continued until at 
least 1800 to 1300 years before present [Kear, 1961]. Active hydrothermal activity is 
still apparent in the Ngawha area near Kaikohe [Brown et al., 1981].
The Northland volcanics display a wide compositional spectrum, but are 
overwhelmingly basaltic (about 90%), the remaining 10 percent are intermediate with 
only about 1 to 2 percent rhyolite [Ashcroft, 1986; Heming, 1980a, 1980b; Smith, 
1989]. Olivine and plagioclase are the only significant phenocrystic phases in the
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basalts, commonly comprising 10 to 15 percent of the mode [Ashcroft, 1986]. Olivine 
phenocryst compositions vary between Foss and Fo69 [Heming, 1980a], and are 
generally less than 1 mm in size, but can occasionally exceed 3 mm [Ashcroft, 1986].
Gabbroic inclusions are found in many of the Northland lavas, and are generally 
quite small, although they reach sizes of 25 cm in a few locations. Compositional and 
petrographic data indicate that these gabbroic inclusions represent cognate cumulates 
[Ashcroft, 1986].
6.5.4. Auckland Volcanic Province
The Auckland Volcanic Province can be subdivided into three distinct volcanic Fields on 
the basis of location and age; (i), Auckland City, (ii), South Auckland, and (iii), 
Ngatutura (Fig. 6.8).
(i) Auckland City Volcanic Field
The Auckland City Volcanic Field is centred upon the city of Auckland and covers 140 
km“ with approximately 7 km3 of material [Heming and Barnet, 1986]. There are about 
50 recognised eruptive centres which show a range of landforms including maars 
surrounded by tuff rings, scoria cones and lava flows [Heming, 1980b; Heming and 
Bamet, 1986]. Eruption styles range from effusive to Hawaiian - Strombolian. 
Phreatomagmatic activity was common, and occurred during the early phases of at least 
34 of the eruptive centres. Individual eruptions were generally small, with an average 
volume less than 0.2 km3 [Smith, 1989]. The exception is the volcano of Rangitoto 
Island, which is the largest volcano in Auckland, covering about 20 km2 with 1.6 km3 
of material [Heming and Bamet, 1986].
On the basis of the good preservation of many of the volcanic landforms, Searle 
[1961a] concluded that the Auckland City Volcanic Field is almost certainly younger 
than 100 ka, and probably less than 60 ka. Extensive K/Ar dating [Stipp, 1968; 
McDougall et a l ., 1969] found ages which were consistently more than 50 ka, and 
sometimes 500 ka, older than expected, and in stark disagreement with 14C results 
which gave ages of 750 years to greater than 30 ka. McDougall et al. [1969] concluded 
that excess radiogenic argon, possibly due to the incorporation of small amounts of 
crustal-derived material, is present in nearly all the Auckland lavas. The youngest dated 
activity was at Rangitoto with a 14C age of 750 ± 50 years (B.P.) [Brothers and 
Golson, 1959; Fergusson and Rafter, 1959]. However, botanical evidence in the form 
of lack of vegetation on young aa lava flows [Millener, 1979] suggests that some of the 
Rangitoto lavas could be as young as several hundred years. With the possible 
exception of Rangitoto, all of the Auckland City volcanoes are considered monogenetic 
[Heming and Bamet, 1986].
Petrologically all Auckland City lavas are basaltic. Searle [1960, 1961b] 
distinguished a range of basalt types dominated by olivine basalt and augite-rich picrite
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Figure 6.8. Intraplate basalts of the Northland and Auckland Volcanic Provinces, 
northern North Island, New Zealand. Volcanic fields of the Northland Volcanic 
Province: B - Bay of Islands / Kaikohe, P - Puhipuhi, W - Whangarei. Volcanic fields 
of the Auckland Volcanic Province: AC - Auckland City, SA - South Auckland, N - 
Ngatatura. Asterix symbols indicate locations of intraplate samples from outside the 
Auckland City Volcanic Field collected for noble gas studies: P - Puketona (ANU 
88228), Pi - Picadilly (ANU 88238), S - Stone Road (ANU# 88283), R - Ridge Road 
(ANU 88263). For clarity samples from Auckland City Volcanic Field (Wiri, ANU 
88265: Crater Hill, ANU 88269; Lake Pupuke, ANU 88276; Otuatua, ANU 88280; 
Puketutu, ANU 88282) are not plotted individually. (After Smith et al. [1989]).
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basalts, with minor amounts of nepheline, amphibole, rutile and biotite bearing basalts. 
Seaile [1961b] also noted that the Auckland City basalts as a group are phenocrystic and 
notably rich in phenocrystic olivine, which comprises 9 to 20 percent of the mode. The 
general lack of groundmass olivine indicates that the growth of olivine had, for the 
main, ceased prior to eruption and solidification of the lavas. Olivine, although usually a 
mineral that is easily altered, is characteristically fresh and unweathered [Searle, 
1961b].
On the basis of normative composition the most common rock type is basanite 
(normative nepheline > 5%), with less common alkali basalts (normative nepheline 0 to 
5%), transitional basalts (normative hypersthene 0 to 10%), and tholeiites (normative 
hyp^rsthene > 10%) [Heming and Barnet, 1986; Smith, 1989]. The petrographic 
classification of Searle [1961b] does not correspond directly to the normative 
classification, although the majority of basanites belong in the augite-rich picrite basalt 
group [Heming and Barnet, 1986].
Ultramafic xenoliths, ranging from dunite to harzburgite, are found in the lavas 
and tuffs of the North Shore - Lake Pupuke area, but are absent from the largest and 
youngest olivine basalt volcanoes [Brothers and Rodgers, 1969; Rodgers and Brothers, 
1969; Rodgers et al., 1975].
(ii) South Auckland Volcanic Field
The South Auckland Volcanic Field comprises over 70 eruptive centres covering an area 
of about 190 km2, with about 15 km3 to 20 km3 of exclusively basaltic material 
[Rafferty and Heming, 1979] in the Pukekohe - Onewhera region, 30 km to 55 km 
south of Auckland City (Fig. 6.8) [Smith, 1989]. Volcanic activity in this region is 
significantly older than in the Auckland field, occurring between about 1.6 Ma and 0.5 
Ma ago [Stipp, 1968; Robertson, 1976]. Mapping by Kear [1960] and Schofield [1958, 
1967] divided the lavas into two formations: the Bombay Formation, having 
recognisable volcanic landforms including 44 cones constructed of lava or scoria, and 
30 tuff rings, and the Franklin Formation which has a deeper weathering profile and no 
identifiable landforms.
On petrographic and geochemical grounds the South Auckland basalts can also 
be divided into two suites, alkali and subalkali (basanitic and nephelinitic) [Rafferty and 
Heming, 1979]. The alkali group are fine grained and porphyritic with abundant 
phenocrysts of olivine, titanaugite, and minor plagioclase, and commonly carry 
ultramafic xenoliths and xenocrysts believed to represent fragments of refractory upper 
mantle materials [Brothers and Rodgers, 1969; Rodgers et al., 1975; Rafferty and 
Heming, 1979]. In contrast, the subalkalic basanites and nephelinites are coarser 
grained and more porphyritic with common megacrysts of olivine, augite, and 
plagioclase. Ultramafic nodules are rarely found in this group.
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(iii) Ngatutura Volcanic Field
The Ngatutura Volcanic Field is the southernmost group of the Auckland Volcanic 
Province, located about 70 km south of Auckland (Fig. 6.8). The field consists of 16 
small monogenetic centres which erupted a total of about 1 km3 of material [Spratt and 
Rodgers, 1975; Briggs et al., 1990]. K/Ar dating by Stipp [1968] and Briggs et al. 
[1989] give ages in the range of 1.8 to 1.5 Ma, making the Ngatutura basalts coeval 
with the older eruptives of the South Auckland field. Volcanic landforms are 
represented by eroded scoria mounds surrounded by either an apron of lava flows, or 
an isolated lava flow generated by Hawaiian to Strombolian activity [Smith, 1989; 
Briggs et al., 1990]. Heming [1980c] also reports a tuffaceous breccia formed by 
phreatomagmatic activity.
Petro graphically, the Ngatutura basalts are typically fine grained, containing 
phenocrysts of olivine, clinopyroxene, and plagioclase. The lavas have a restricted 
range in composition. They are generally alkalic and are classified as hawaiites and 
nepheline hawaiites on the basis of normative and modal mineralogy [Briggs et al., 
1990].
Many lavas contain ultramafic and mafic nodules between 5 mm and 30 mm in 
size. They cover a wide range of types including dunite, harzburgite, lherzolite, 
feldspathic peridotite and gabbro [Rodgers et al., 1975; Briggs et al., 1990].
6.5.5, Ultramafic and mafic xenoliths
The occurrence of ultramafic and mafic nodules have been reported at six localities 
within the basalts of the northern North Island. Four of the localities lie within the 
Auckland intraplate volcanic province: Lake Pupuke in the Auckland City volcanic field, 
Stone Road Quarry (also known as Stevenson's Quarry, Ramarama), and Ridge Road 
Quarry (also known as Roose's Quarry, Bombay) in the South Auckland volcanic field, 
and in the lavas and scoria of the Ngatutura Basalts. The other two localities are at 
Bridal Veil Falls and Kirikiripu in the Okete Volcanics of the Alexandra Volcanics in 
Waikato. Ultramafic nodules are not found in the basalts of the Northland volcanic 
province, although large (up to 15 cm) olivine and pyroxene xenoliths are found in a 
Miocene (11.9 ± 0.2 Ma, Stipp [1968]) nephelinite dyke at Todd's Quarry near 
Dargaville [Black and Brothers, 1965]. Detailed discussions of the location, 
petrography and geochemistry of the nodules and their hosts are given by Searle 
[1961a, 1961b], Brothers and Rodgers [1969], Rodgers and Brothers [1969], Rodgers 
et al. [1975], and Rafferty and Heming [1979].
The host rocks are all undersaturated nepheline-normative alkali basalts, 
although nepheline appears in the mode of only the Miocene Todd's Quarry nephelinite. 
A large range of nodule types are evident, dunites and harzburgites are uniformly
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abundant, with lesser lherzolites and other olivine-pyroxene varieties such as wherlites. 
Plagioclase is not an important phase except at Ngatutura where feldspathic peridotite 
and gabbroic nodules are present. Individual nodules are generally between 1 and 5 cm 
in diameter, although larger sizes, up to 15 cm, occur at Todd's Quarry.
In the most comprehensive summary to date, Rodgers et al. [1975] concluded 
that the ultramafic nodules are not crystal cumulates, but rather are fragments derived 
from the upper mantle. The question of whether or not they represent refractory 
residues of parental partial melts, or are accidentally incorporated samples of the upper 
mantle is less clear. However, Briggs et al. [1990] recently suggested that the Ngatutura 
nodules are not partial melt residues, but are upper mantle xenoliths. This conclusion 
was based on the lack of garnet in the Ngatutura xenoliths where rare earth patterns 
indicate a garnet lherzolite as the parental partial melt residuum. Whether this 
interpretation is generally applicable to the origin of the nodules at the other localities, 
remains to be demonstrated. Some constraint on the temperature and pressure 
environment for the xenoliths is available. Cation partitioning equilibria for coexisting 
orthopyroxene and clinopyroxene by Rodgers and Brothers [1969], using the pyroxene 
parameters of O'Hara [1967], suggest a temperature and pressure environment of about 
1250°C and 11 kbars, respectively, for xenoliths from Ngatutura and South Auckland. 
This places the origin of the xenoliths at about 35 km depth in the upper mantle (crustal 
thickness in the Auckland region is estimated to be 25 km [Stem et al., 1987]).
6 .5 .6 .  Petrogenesis and tectonic-geochemical affinities 
Although there are broad similarities in the geochemistry of the intraplate basalts of 
Northland and Auckland, detailed investigations reveal significant variations within and 
between the geographically distinct volcanic provinces and fields. Ashcroft [1986], and 
Heming and Barnet [1986], argue for varying degrees of partial melting of ascending 
mantle diapirs, with little or no crystal fractionation, to account for the variations within 
the basalts. Low pressure fractionation appears to have been significant only in the case 
of the small volume of intermediate and rhyolitic eruptives of the Northland province 
[Ashcroft, 1986]. Heming and Barnet [1986] consider the basalt magmas to originate 
within the mantle low velocity zone, which is between 75 km and 125 km depth below 
the northern North Island [Mooney, 1970], with the undersaturated basanitic lavas 
derived by lower degrees of partial melting at about 45 km to 70 km greater depth than 
the over-saturated tholeiites. The possibility that the intraplate basalts reflect a plume or 
hotspot trail is rejected due to the lack of any systematic age - location correlations 
[Heming, 1980b].
The intraplate tectonic setting of the Northland and Auckland basalts is well 
established [Smith, 1989]. Major and trace element data, plus a limited number of rare 
earth and Sr - Nd isotopic analyses, for the Northland and Auckland basalts, show clear
oceanic affinities [Weaver et al., 1989a,b,c; Briggs et al., 1990]. The Northland basalts 
show Sr - Nd isotopic ratios that lie on the mantle array and overlap the lower end of the 
N-MORB field [Weaver et al., 1989b]. High Zr/Nb and low Zr/Y ratios, and low 
concentrations of light-ion lithophile elements (LILE) in some Northland basalts are 
consistent with a MORB affinity [Weaver et al., 1989b]. However, several Northland 
basalts have distinctly negative Nb anomalies, suggestive of a subduction-related 
component in the mantle source below the Northland Volcanic Province, which Weaver 
et al. [1989a, 1989c] note is consistent with the Miocene subduction of the Pacific Plate 
beneath the Northland Province [Ballance, 1976, Cole 1986].
In contrast, the limited data for the Auckland province basalts show Sr - Nd 
isotopic ratios that are lower than the Northland basalts and do not overlap with MORB 
compositions, but rather, are similar to intraplate oceanic islands [Weaver et al., 
1989b]. This oceanic island affinity is supported by Zr/Nb ratios for the Ngatutura 
basalts which range between 4.0 and 6.2 [Briggs et al., 1990], typical of intraplate 
oceanic islands and significantly lower than the Zr/Nb ratios of the Northland basalts 
which vary between 4.4 and 19.0 [Weaver et al., 1989b]. There is no indication of any 
subduction-related signature in the basalts of the Auckland Volcanic Province [Briggs et 
al., 1990; Weaver er al., 1989a,b,c].
6.6. Samples Collected for Noble Gas Studies
Approximately 90 samples of young olivine and clinopyroxene bearing basalts and 
basaltic andesites were collected by the author from the Taupo Volcanic Zone, 
Alexandra Volcanic Centre, and Northland and Auckland Volcanic Provinces. Seven 
samples of picritic basalts from the islands of Ambrym and Ambae, Vanuatu, were 
provided by Dr. S. Eggins of University of Tasmania, Hobart. Five submarine olivine 
bearing andesites from the northern termination of the Tonga Ridge was provided by 
Dr. T. Falloon, University of Tasmania, Hobart. A sample of submarine olivine bearing 
basalt from the summit regions of Rumble II Seamount, southern Kermadec Ridge, was 
provided by Dr. I.E.M. Smith, University of Auckland, New Zealand, and three 
samples of fresh basaltic submarine glass dredged from the axis of the southern Havre 
Trough were provided by Dr J.A. Gamble, Victoria University of Wellington, New 
Zealand.
On the basis of freshness, size and abundance of phenocrystic and xenolithic olivine 
and clinopyroxene, a subsuite of 25 samples were selected for noble gas analysis: 17 
sam ples provided phenocrystic olivine, 5 samples provided phenocrystic 
clinopyroxene, 1 sample provided phenocrystic olivine and clinopyroxene, and 3 
samples provided xenolithic olivine. In addition two Havre Trough samples provided
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Table 6.1. Subaerial subduction-related samples from New Zealand and Vanuatu
Location Sample Name ANU# Type Fig. #
Taupo Volcanic Zone, New Zealand
Maroa Volcanic Centre Ongaroto 88242 ol 6.3
Taupo Volcanic Centre Karangahape 88245 cpx 6.3
Tongariro Volcanic Centre Ohakune 88206 cpx 6.3, 6.4
Mahuia 88207 ol 6.3, 6.4
Pukeonake 88208 ol 6.3, 6.4
P.H.47 88209a ol 6.3, 6.4
88209b cpx 6.3, 6.4
90067a ol 6.3, 6.4
90067b ol 6.3, 6.4
Waimarino 88244a ol 6.3, 6.4
88244b ol 6.3, 6.4
88244c ol 6.3, 6.4
Pukekaikiore 90064 cpx 6.3, 6.4
Alexandra Volcanic Centre, Waikato, New Zealand
Convergent Margin Series Kakepuku 88247 cpx 6.5
Te Kawa 88248 cpx 6.5
Vanuatu Arc Ambrym 88296 ol 6.7
Ambae 88297 ol 6.7
Ambae 88298 ol 6.7
Ambae 90061 ol 6.7
ol and cpx indicate sample was a phenocrystic olivine or clinopyroxene mineral separate 
respectively. Fig.# indicates the figure in Chapter 6 which shows the sample locality.
Table 6.2. Submarine subduction-related samples from Tonga - Kermadec Arc
Sample Name ANU# Type Water Depth Fig.#
Rumble II Seamount 88291 ol > 900 m 6.6
North Tonga Ridge 90074 ol 1500 - 2000 m 6.6
ol indicates analysed sample was an phenocrystic olivine mineral separate. Fig.# 
indicates the figure in Chapter 6 which shows the sample locality.
Table 6.3. Intraplate samples from Northland and Auckland Volcanic Provinces
Location Sample Name ANU# Type Fig.#
Northland Volcanic Province
Bay of Islands - Kaikohe Volcanic Field
Puketona 88228 ol 6.8
Picadilly 88238 ol 6.8
Auckland Volcanic Province 
Auckland City Volcanic Field
Wiri 88265 ol 6.8
Crater Hill 88269 ol 6.8
Lake Pupuke 88276a xeno-ol 6.8
88276b xeno-ol 6.8
Otuatua 88280 ol 6.8
Puketutu 88282 ol 6.8
South Auckland Volcanic Field
Ridge Road 88263 xeno-ol 6.8
Stone Road 88283 xeno-ol 6.8
ol and xeno-ol indicate sample was a phenocrystic olivine and xenolithic olivine mineral 
separate respectively. Fig.# indicates the figure in Chapter 6 which shows the sample 
locality.
Table 6.4. Back-arc submarine basaltic glasses from Havre Trough Basin
Sample Name ANU# Type Water Depth Fig.#
HT-1 90071 glass 2630 m 6.6
HT-2 90072 glass 2300 m 6.6
Fig.# indicates the figure in Chapter 6 which shows the sample locality.
1 17
quenched basaltic glasses. Two samples of the phenocrystic olivine were analysed in 
triplicate, and one sample of the xenolithic olivine was analysed in duplicate. Tables 
6.1, 6.2, 6.3 and 6.4 provide a brief summary of the locations, names, ANU catalogue 
numbers, and type of mineral separate for these 27 samples which were analysed for the 
elemental and isotopic compositions of all five noble gases.
Detailed location information is provided in Appendices 2 and 3. Petrographic 
descriptions are given in Appendix 4, and major oxide geochemistry and calculated 
C.I.P.W normative mineralogies of the host lavas for the samples are provided in 
Appendix 5. Age constraints for the host lavas of the New Zealand samples are given in 
Appendix 6.
7Noble Gas Results: Helium
"  before a physical proposition is condemned it must be shown to be not 
rigourously demonstrated  -  and this is to be done not by those who 
hold the proposition to be true, but by those who judge it to be false "
Galilei Galileo
7.1. Introduction
Chapter 5 presented a review of the published helium data from arc-related samples, 
including fluids and phenocrystic and xenolithic mineral phases. The published data 
from arc-related samples were interpreted in terms of mixing of two dominant helium 
components characterised by different proportions of primordial and radiogenic helium: 
a high 3He/4He ratio component derived from the mantle, and a low 3He/4He 
component, rich in radiogenic 4He, primarily derived from the local crust. A third 
component, atmospheric helium, was shown to be generally unimportant owing to the 
low abundance of helium in the atmosphere.
This chapter presents the helium data for the subduction-related phenocrystic 
olivine and clinopyroxene samples from New Zealand, the Tonga-Kermadec Ridge, 
and Vanuatu, the submarine basaltic glasses from the Havre Trough back-arc basin, and 
the phenocrystic and xenolithic olivine samples from the intraplate basalts of Northland 
and Auckland, and compares these data with the published arc-related helium data 
discussed in Chapter 5. The reason for restricting this chapter to the discussion of the 
helium data is primarily convenience; it simplifies the comparison of the data with that
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of previous noble gas studies of arc-related samples, which have been almost entirely 
restricted to the measurement of helium. Also, the interpretation of the heavier noble 
gases is more complicated than that of the helium data owing to the presence of a 
significant atmosphere-derived component. The heavier noble gas data are presented 
and discussed in the next chapter, and the interpretation of the heavier noble gas data 
will build upon the major conclusions of this chapter.
The purpose of analysing the noble gases trapped in mineral phases and 
quenched submarine glasses is to attempt to measure the noble gas composition of the 
parent magma. However, the interpretation of noble gas data from mineral and glass 
samples is somewhat more complex than the interpretation of the results from fluid 
samples owing to the presence of helium components produced in the mineral and glass 
samples since eruption. These components include radiogenic 4He generated from the 
decay of U and Th, and cosmogenic 3He, generated from the interaction of cosmic-ray 
induced particles with the samples. Thus, there are at least five helium components 
which could be present in the samples: (i) a high 3He/4He mantle-derived component 
rich in primordial 3He, (ii), a low 3He/4He component relatively rich in radiogenic 4He 
and possibly derived from the crust, (iii), atmospheric helium, (iv), radiogenic 4He 
developed in situ, and (v), cosmogenic 3 He generated in situ.
This chapter therefore has the following structure. The first section presents and 
describes the helium results, comparing them with the published helium results for arc- 
related fluids and mineral samples discussed previously in Chapter 5. It will be shown 
that in general the helium results presented here are similar to the published helium 
results for arc-related fluids and minerals. The second section assesses the importance 
of in situ radiogenic and cosmogenic helium components. This section demonstrates 
that for the majority of samples, in situ produced radiogenic and cosmogenic helium 
will have altered the observed 3He/4He ratios of the samples by less than 10 percent, 
and concludes that in the majority of samples the helium data does indeed reflect the 
helium isotopic composition of the parent magmas at some time prior to eruption. On 
the basis of this conclusion, the third section discusses the results in terms of the helium 
composition of the parent magmas. This section will show that for most of the samples, 
atmospheric helium is unlikely to be an important component. Thus, although there are 
at least five helium components which may be present in the samples (see above), only 
two of these are likely to be important. This chapter will show that the helium 
compositions of the parent magmas can be interpreted as the result of mixing of two 
dominant helium components: a high 3He/4He ratio component derived from the 
mantle, and a low 3He/4He component rich in radiogenic 4He. Note that this is the same 
interpretation as given for the helium data for arc-related fluid samples in Chapter 5.
The helium abundances and helium isotopic ratios of the phenocrystic, 
xenolithic and basaltic glass samples analysed as part of this study are listed in Table 
7.1. Details of sample preparation, analytical technique, and blank amounts used for
120
Table 7.l.a. New Zealand arc-related phenocrystic olivine and clinopyroxene: Helium 
results
Location ANU# 3He
(10-14)
4He
(10-8)
3He/4H e 
(10'®)
Tempo Volcanic Zone, phenocrystic olivine
Ongaroto 88242 6.62 (83) 0.90 (8) 7.38 (61)
Mahuia 88207 122 (6) 13.1 (6) 9.32 (25)
Pukeonake 88208 52.0 (26) 27.0 (12) 1.92 (5)
P.H.47 88209a 74.5 (38) 8.25 (36) 9.02 (24)
P.H.47 90067a 55.1 (28) 6.65 (29) 8.29 (23)
P.H.47 90067b 55.2 (29) 9.10 (40) 6.07 (18)
Waimarino 88244a 12.8 (15) 1.43 (13) 8.93 (67)
Waimarino 88244b 12.2 (6) 1.36 (6) 8.96 (27)
Waimarino 88244c 10.8 (6) 1.34 (6) 8.08 (28)
Taupo Volcanic Zone, phenocrystic clinopyroxene
Karan gahape 88245 5.60 (74) 0.155 (15) 36.1 (32)
Ohakune 88206 0.50 (20) 0.077 (11) 6.5 (24)
P.H.47 88209b 0.42 (31) 0.060 (33) 7.0 (34)
Pukekaikiore 90064 8.15 (44) 0.521 (23) 15.63 (50)
Alexandra Volcanic Province, phenocrystic clinopyroxene
Kakepuku 88247 43.7 (24) 2.04 (9) 21.44 (65)
Te Kawa 88248 40.2 (21) 2.33 (10) 17.26 (46)
Atmosphere 1.4
Abundances in cm3STP g-1. Numbers in brackets list lo  error in last quoted digits. 
Suffixes a, b and c denote multiple measurement of the same sample
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Table 7.1.b. Subduction-related phenocrystic olivine from Vanuatu and the Tonga- 
Kermadec Ridge, and Havre Trough back-arc basin glasses: Helium results
Location ANU# Temp 3He 4He 3 He/4 He
(C°) (IO*14) (IO'8) (10-6)
Tonga-Kermadec Ridge, phenocrystic olivine (submarine)
Rumble II (>908m) 88291 1.12 (17) 0.151 (11) 7.45 (96)
North Tonga (1550 - 2000m)
90074 0.3 (16)§ 0.02 (10)§ 12 (42)§
Ambrym phenocrystic olivine, Vanuatu (subaerial)
88296 1000° 0.06 (31) 0.002 (8) 27 (95)
1850° 2.63 (28) 0.666 (57) 3.95 (26)
1850°t 0.02 (31) 0.101 (49) 0.2 (30)
Total 2.71 (52) 0.769 (75) 3.53 (63)
Ambae phenocrystic olivine, Vanuatu (subaerial)
88297 1875° 7.05 (54) 1.18 (5) 5.93 (37)
88298 800° b.b. b.b.
1800° 5.98 (60) 0.836 (72) 7.16 (36)
1800°f 0.18 (30) 0.284 (39) 0.64 (62)
1850° 0.45 (50) 0.087 (84) 5.2 (28)
Total 6.61 (58) 1.20 (7) 5.48 (37)
90061 1875° 2.43 (23) 0.833 (56) 2.93 (20)
Havre Trough back-arc basin basaltic glasses (submarine)
HT-1 (2632m) 90071 600° 0.763 (99) 0.182 (8) 4.17 (51)
1500° 1.83 (12) 0.218 (10) 8.39 (41)
Total 2.59 (16) 0.401 (13) 6.47 (33)
HT-2 (2300m) 90072 600° 42.2 (21) 4.58 (19) 9.30 (25)
1500° 134 (7) 15.4 (7) 8.69 (23)
Total 176 (7) 19.9 (7) 8.38 (18)
Atmosphere 1.4
Gas abundances in cm3STP g-1. Temperatures of stepheating fractions listed where 
stepheating was utilised. Numbers in brackets list lo  uncertainty in last quoted digits, 
b.b. indicates helium amount was below the instrumental background. § shows sample 
has very large uncertainty in helium isotopic ratio (>300%) owing to low helium 
abundance, f indicates repeat extraction at same temperature.
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Table 7.1.c. New Zealand intraplate phenocrystic and xenolithic olivine: Helium results
Location ANU# 3He
(10-14)
4He
(10-8)
3He/4He
(10-6)
Northland Volcanic Province, phenocrystic olivine
Puketona 88228 37.8 (19) 3.66 (16) 10.33 (29)
Picadilly 88238 2.9 (2) 0.34 (1) 8.39 (59)
Auckland Volcanic Province, phenocrystic olivine
Wiri 88265 26.6 (13) 2.81 (12) 9.45 (25)
Crater Hill 88269 40.1 (20) 4.01 (17) 9.99 (27)
Otuatua 88280 10.0 (6) 0.45 (2) 22.37 (77)
Puketutu 88282 10.1 (5) 0.91 (4) 11.15 (33)
Auckland Volcanic Province, xenolithic olivine
L.Pupuke 88276a 33.6 (17) 3.42 (15) 9.82 (28)
L.Pupuke 88276b 28.3 (15) 2.33 (10) 12.15 (36)
Ridge Rd. 88263 14.1 - (8) 1.74 (8) 8.10 (32)
Stone Rd. 88283 294 (15) 32.2 (14) 9.14 (24)
Atmosphere 1.4
Gas abundances in cm3STP g-1. Numbers in brackets list l a  uncertainty in last quoted 
digits. Suffixes a and b denote multiple measurements of the same sample.
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blank corrections are listed in Appendix A.7. Descriptions of the general geology, 
tectonic setting, and geochemistry of the volcanic provinces from which the samples 
were collected, are given in Chapter 6.
7.2. Helium Results: Description
7.2.1. Absolute abundances
Figure 7.1 presents a plot of the absolute abundances of 3He and 4He. The measured 
helium abundances vary by more than two orders of magnitude from 0.06 x 10'8 to 32 
x 10'8 cm3STP g"1 of 4He, and from less than 0.5 x 10‘12 to 294 x 10'12 cm3STP g*1 
of 3He, and are generally consistent with the helium abundances reported in pyroxenes 
and olivines from other subduction-related lavas (see Table 5.1). The concentrations of 
helium in the TVZ clinopyroxenes and the Tonga-Kermadec olivines are systematically 
lower than the helium concentrations in the other samples. The Vanuatu olivine samples 
also have relatively low helium concentrations in comparison to the New Zealand 
olivine samples. These low helium concentrations result in higher analytical 
uncertainties in the isotopic ratios, and effects such as the addition of in situ radiogenic 
4He after eruption, are likely to be more evident.
7.2 .2 . Isotopic compositions
A summary of the helium isotopic measurements made in this study is presented in Fig. 
7.2 . For comparison, the helium isotopic ratios of the 16 phenocrystic and xenolithic 
arc-related samples determined by previous workers (see Section 5.3 and Table 5.1) are 
also plotted under the heading 'Global'. Overall, the data show a wide range of 
3He/4He ratios from a minimum of about 2 x 10‘6 in a TVZ olivine sample (ANU# 
88208, Pukeonake), up to maximum of about 36 x 10'6 in a TVZ clinopyroxene sample 
(ANU# 88245, Karangahape). However, most of the samples have 3 He/4 He ratios that 
are either indistinguishable from or lower than those observed in N-type MORBs (12 ± 
2 x 10*6). For the majority of samples the uncertainties in helium isotopic ratios are less 
than ten percent, and usually less than five percent, at the l a  level. The exceptions are 
two of the TVZ clinopyroxene samples (ANU# 88206, Ohakune, and 88209b, 
P.H.47), and the two oceanic olivine samples from the Tonga-Kermadec Ridge (ANU# 
88291 and 90074), which have larger uncertainties owing to low helium abundances. 
The uncertainty in the 3He/4He ratio of the north Tonga Ridge sample (ANU# 90074), 
which has the lowest helium abundance of all the samples, is about 350 %, and thus the 
helium results from this sample are excluded from the following discussions of helium 
isotopic composition.
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TVZol 
TVZ cpx
Tonga-Kermadec ol 
Havre Trough glass 
Alexandra cpx 
Vanuatu ol 
Intraplate pheno-ol 
Intraplate xeno-ol
4He (1Cr8)
Figure 7.1. Plot of 3 He versus 4He abundance in arc-related and intraplate olivine and 
clinopyroxene samples from New Zealand, Vanuatu and the Tonga-Kermadec Ridge, 
and in glass samples from the Havre Trough back-arc basin. Gas abundances in units 
of cm3STP g_l. Except where indicated the l a  uncertainties are similar in size to the 
symbols. Subduction-related samples: Taupo Volcanic Zone olivine - large open circles, 
Taupo Volcanic Zone clinopyroxene - solid circles, Tonga - Kermadec Ridge olivine - 
open squares, Alexandra Volcanic Centre clinopyroxene - solid squares, Vanuatu Arc 
olivine - dotted squares. Havre Trough back-arc basin basaltic glasses - open triangles. 
Intraplate samples from Northland and Auckland Volcanic Provinces: phenocrystic 
olivine - small open circles, xenolithic olivine - crosses.
125
92
CD
I
O
CD
X
X
co
Aouanbajj
126
T3
C
cd
<U
.5
>
o
'S
&
c
<D
X
Oh
XJ
<U
Jd
<UV-
C
.2
o
3
T3
X
3
C/3
*oc
cd
-d
3
jd
2
o
3<
T3
C
Pi
T3
S<
■§o
2E
£
<U
c
>
o
2x
"o
c
<u
X
T3
C
cd
O
'S
4 I
ju
2
H
c
<u
j =
D,
03
3..s s
eg
cd
3
>>
T3
3
t / 3
C/3
•
X
.2
3
3
C/3
cd
<us
C/3
.2
3>-i
<oX
1?
X
C
.2
3'S,Eo
U
<N
2
3op
X
c
:>
3
o 
2  
• *N
3c
<u
X
"Oc
cd
o
C/3
c
<u
-Ca,
O
'SI-
<u
as
1j
x
m
XJ
D
X
C/3
‘X
X
3
Q,
4 -o
co
• a
2
UE
o
o>
° SS 
. 2 £
s £
<D
T3
g
3
C/3
cd
<DE
<u
X
X
as
cn
X  
00 • ^
X
<U . 3
.-§ 8
ä
2  
3  
o
c/i
JC
O
V3
o
2
✓— s.
LT3
X"
CN 
00 
00
=fc 
X  
2  
<
£ 
cd 
X  
cd 
00
3 'S
3 .52
i  *8
> 1
o
O
C/3
<
2  
oo
3
3
T3
C
cd
3
O
<U
oo
—
2
3E
3
Q£
" dc
2
3
£
2
S
<§
<o
3
<D
I
a ,o
. 2
cd
XE
£
C/5
<U
C/5
C/5
cd
3 )
o
3
C/3
cd
X)
cd
X
§I
-X
O
3
X
A ,
>%• g
cdw
0/
oc
3
<u
oo
c3
a,Eo
o
<u>
<D
X
4-io
8
3
cd
o
<u
X
* 8
"O
_3
3x
<u
V3
<u c 
<u
X
I  _
I  s. 2  Q
T3 
C  
cd
3
Os
%
X
2<
<uc
:>
*
<u
2
<D
C
O
2x
cd
H
1
C/3
•
<D 
C 
<U X
8 s
l ö
c
£o
X
c /3
^ _ r»
e
(Uas
x
ro
O
<u
X
a ,
C/3o
cd
<D
X
T3
OQ
0Ö
O
w
oo
T3
•■X 4-(0  ^ o
cd £oo .o c *rt o 
H
3Vh 
D
X  
X
<u m
X
Co
2
*  .s
1>
oo
. 2» - H
- ac
cd
X  M  
r-H O• • »H
VO ä
cn 2
127
There are a number of systematic variations within the helium isotopic ratios. First, the 
3He/4He ratios of the olivines from Vanuatu and the Kermadec Ridge are generally 
lower than in samples from other localities. With the exception of one result (ANU# 
88208), which has the lowest 3He/4He ratio of all the samples measured (1.92 ± 0.05 x 
10'6), the TVZ olivine samples, and the two Havre Trough glasses, have a relatively 
restricted range of 3He/4He ratios of between about 6 x 10'6 and 9 x 10'6. The intraplate 
phenocrystic and xenolithic olivine samples have generally higher 3He/4He ratios 
between about 8 x 10*6 and 12 x 10*6, with one sample (ANU# 88280, Otuatua) having 
a much higher 3He/4He ratio of about 24 x 10*6. The largest range in helium isotopic 
ratios is shown by the clinopyroxene samples, which vary from 3He/4He values of 
about 6 x 10'6 to 36 x 10'6. Both the Alexandra clinopyroxene samples have high 
3He/4He ratios of about 17 x 10'6 and 21 x 10'6.
7.3 . Helium Results: Comparison with Published Data
As stated in the introduction, the previously published helium results from arc-related 
fluid and mineral samples were discussed in Chapter 5 . The published results from arc- 
related fluid and mineral samples show a range in 3He/4He ratios from maximum values 
of about 12 x 10‘6, indistinguishable from values observed in N-Type MORB glasses, 
down to values that are similar to atmospheric values. Consideration of Fig. 7.2 
illustrates that overall the helium isotopic ratios of arc-related samples presented in this 
study are consistent with the previously published results, with the majority of samples 
showing a similar range in 3He/4He ratios between about 2 x 10*6 and 12 x 10'6.
However, five of the New Zealand samples show 3He/4He ratios that are 
significantly higher, between about 16 x 10'6 and 36 x 10A  one intraplate olivine from 
Auckland (ANU# 88280, Otuatua), two clinopyroxenes from the TVZ (ANU# 88245, 
Karangahape, and 90064, Pukekaikiore), and the two Alexandra clinopyroxenes 
(ANU# 88247, Kakepuku, and 88248, Te Kawa). This observation is potentially 
crucial, as it stands in contrast to the previously published helium results from arc- 
related samples, and also in contrast to the majority of samples reported in this study, 
which have 3He/4He ratios that are lower than 12 x 10A The high 3He/4He ratios 
observed in these five New Zealand samples may possibly indicate a helium component 
that has a higher than MORB-like 3He/4He ratio, i.e., possibly Hawaiian-type. 
However, it will be shown that the high 3He/4He ratios of these five samples are more 
likely to be the result of spallation production of cosmogenic 3He, and therefore the 
helium ratios of these samples do not reflect the compositions of their host magmas.
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7.4. Assessment of In Situ Helium Components
Ideally we wish to use the observed helium results to constrain the composition of the 
helium in the parent magmas prior to eruption. However, before this is possible it is 
first necessary to evaluate whether in situ helium components such as radiogenic 4He, 
from the decay of U and Th, and cosmogenic 3He, from the interaction of cosmic-ray 
induced particles with the samples, are present. This section attempts to evaluate these 
questions, and will show that for the majority of samples the observed helium ratios are 
likely to represent the helium compositions of the host magmas at some time prior to 
eruption.
7.4.1. In situ radiogenic 4He
Assuming that in situ 3He, produced from the 6Li(n,a)3H(ß-)3He reaction, is negligible 
(as discussed in Section 5.2.2), then the in situ production of radiogenic 4He from the 
decay of uranium and thorium in a sample since its eruption will lower the observed 
^He/4He ratios. The amount of radiogenic 4He generated can be estimated from the age, 
and the uranium and thorium contents of the samples together with the known decay 
constants, atomic abundances and branching ratios of the parent isotopes: Thus
4Herad = {12.07 + 2.87 (Th/U)} x [U] x 10'11 cm3STP(4Herad) g '1 a’1 (7.1)
where 4Herad is the radiogenic 4He produced in situ, and [U] denotes the uranium 
concentration in ppb. The U+Th contents of the samples have not been determined 
directly. However, long counting-time electron microprobe analyses, using a slightly 
defocussed electron beam, detected a maximum potassium content in the older olivine 
and clinopyroxene samples of 60 ppm. Taking this K value, and assuming a K/U ratio 
of 12,000 [Jochum et al., 1983; Rison and Craig, 1983; Staudigel et al., 1984], a 
maximum U content of 5 ppb is obtained. By setting [U] = 5 ppb and Th/U = 3, 
equation (7.1) simplifies to
4Herad = 1 x 10-15 cm3STP(4Herad) g '1 a '1 (7.2)
(i) New Zealand
Table 7.2 presents an estimate of radiogenic 4He production in the New Zealand 
samples based on equation (7.2), and compares this to the observed 4He. Table 7.2 
shows that for the majority of samples, the calculated radiogenic 4He is less than two 
percent of the observed 4He. Thus, while acknowledging the many assumptions that 
were made in this calculation, radiogenic production of 4He is likely to be negligible in 
the majority of samples. Only three samples (ANU# 88245, 8247, 88248) have
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Ta he 7.2. Estimate of radiogenic 4He in phenocrystic subduction-related and intraplate 
samples from New Zealand, and comparison with total 4He.
Locition ANU# Age
ka
4He0
(10-8)
4Herad
(10->2)
4Herad/4He0
%
Taupo Volcanic Zone, phenocrystic olivine
Ongaroto 88242 100 0.90 103 1.1
Mahuia 88207 20 13.1 20 < 0.02
Pukeonake 88208 20 27.0 20 < 0.02
P.H.47 88209a 20 8.25 20 0.02
P.H.47 90067a 20 6.65 20 0.03
P.H.47 90067b 20 9.10 20 0.02
Waimarino 88244a 20 1.43 20 0.14
Waimarino 88244b 20 1.36 20 0.15
Waimarino 88244c 20 1.34 20 0.15
Taupo Volcanic Zone, phenocrystic clinopyroxene
Karangahape 88245* 290 0.155 298 19
Ohakune 88206 20 0.077 20 2.6
P.H.47 88209b 20 0.060 20 3.3
Pukekaikiore 90064* 15 0.521 16 0.3
Alexandra Volcanic Province, phenocrystic clinopyroxene
Kakepuku 88247* 2,700 2.04 2,700 13
Te Kawa 88248* 2,700 2.33 2,700 11
Northland Volcanic Province, intraplate phenocrystic olivine
Puketona 88228 570 3.66 585 1.6
Picadilly 88238 54 0.34 55 1.6
Auckland Volcanic Province, intraplate phenocrystic olivine
Wiri 88285 28 2.81 29 0.1
Crater Hill 88269 30 4.01 31 0.07
Otuatua 88280* <77 0.45 80 1.7
Puketutu 88282 30 0.91 31 0.3
Auckland Volcanic Province, intraplate xenolithic olivine
L. Pupuke 88276a < 100 3.42 103 0.3
L. Pupuke 88276b < 100 2.33 103 0.4
Ridge Rd. 88263 1,220 1.74 1,280 7.3
Stone Rd. 88283 1,360 32.2 1,380 0.4
Abundances in cm3STP g '1. 4He0 is the total observed 4He as listed in Table 7.1.a and 
7.1.c. Radiogenic helium (4Herad) produced in the samples since eruption is calculated 
assuming a U concentration of 5 ppb, a Th/U ratio of 3, a production rate of 1 x 10'15 
crr3STP g '1 a*1, and the geological ages as listed in Appendix 6. * indicates sample has 
a high 3He/4He ratio attributed to cosmogenic production of 3He (see Section 7.4.2).
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contributions of radiogenic 4 He that are estimated to be greater than 10 percent of the 
total observed 4He. However, as discussed later, these three samples plus two others 
(shown by asterixes in Table 7.2) have high 3He/4He ratios that are attributed to the 
spallation production of cosmogenic 3He. Because of this cosmogenic component, 
these samples do not reflect the helium composition of the host magmas prior to 
eruption. Thus, it is concluded that for the majority of New Zealand samples, 
radiogenic 4He produced since eruption is unlikely to be an important component.
(ii) Vanuatu, Tonga-Kermadec Ridge, and Havre Trough 
In contrast to the New Zealand samples, the ages of the samples from Vanuatu, the 
Tonga-Kermadec Ridge, and Havre Trough back-arc basin, are poorly constrained. The 
Havre Trough glass samples are likely to be quite youthful, probably less than 20,000 
years old, as they were dredged from the central axis of a oceanic basin which is 
believed to have opened within the last 1.8 Ma with a half-spreading rate of about 27 
mm a-1 (see Section 6.4.2). The Vanuatu olivines are only constrained to be less than 
100 ka old on the basis of K/Ar radiometric ages [Gorton, 1974]. However, 
morphological evidence, and the freshness of the samples, suggests that the Vanuatu 
samples may be significantly younger than 100 ka [Eggins, pers. comm.]. The two 
olivine samples from the Tonga-Kermadec Ridge have no direct age control. However, 
the outer surface of the sample from Rumble II Seamount (southern Kermadec Ridge) 
has a dark grey-brown weathered rim about 1 mm thick. This, together with the 
presence of abundant biogenic material in the dredge haul, indicates that Rumble 
Seamount sample (ANU# 88291) may have a significant age [Smith and Brothers, 
1988].
For the purposes of the following calculations the maximum age of the Vanuatu 
and Kermadec Ridge olivine samples is taken to be 100 ka, and for the Havre Trough 
glass samples a maximum age of 20 ka is used. As for the New Zealand samples, the U 
contents of the Vanuatu and Tonga-Kermadec olivine samples are assumed to be 5 ppb. 
The U content of the Havre Trough glasses is taken to be 300 ppb on the basis of the 
observed K content of between 3900 ppm and 3500 ppm, and assuming a K/U ratio of 
12,000. A Th/U ratio of three is assumed for all the samples. The north Tonga Ridge 
olivine sample, ANU# 90074, is excluded owing to the large uncertainty in the 
measured 3He/4He ratio (>300%).
Tables 7.3.a and 7.3.b presents the estimated amounts of in situ radiogenic 4He 
produced in the olivine samples from Vanuatu and the Kermadec Ridge, and in the 
Havre Trough glass samples, and compares these with the total observed 4He. Tables 
7.3.a and 7.3.b show that for the oceanic samples, the estimated in situ radiogenic 4He 
is less than ten percent, and for most of the samples, is less than two percent. The 
exception is one of the Havre Trough glass samples (HT-1, ANU# 90071), which 
owing to its relatively low helium abundance could have a contribution of radiogenic
Table 7.3.a. Estimate of maximum radiogenic 4He in phenocrystic subduction-related 
olhine samples from Vanuatu and Kermadec Ridge, and comparison with total 4He.
Location ANU# Age 4He0 4Herad 4Herad/4He0
ka (IO’8) (lO-l2) %
Kermadec Ridge
Rumble II 88291 100 0.15 100 6.6
Vanuatu
Ambrym 88296 100 0.80 100 1.2
Ambae 88297 100 1.18 100 0.8
Ambae 88298 100 1.20 100 0.8
Ambae 90061 100 0.83 100 1.2
Abundances in cm3STP g_1. 4He0 is the total observed 4He as listed in Table 7.1.b. 
Radiogenic helium (4Herad) calculated assuming a U concentration of 5 ppb, a Th/U 
ratio of 3, and assuming a maximum age of 100 ka, see text for discussion. The North 
Tonga Ridge sample, ANU# 90074, is excluded owing to an analytical uncertainty of 
greater than 300 percent.
Table 7.3.b. Estimate of maximum radiogenic 4He in basaltic glass samples from Havre 
Trough back-arc basin, and comparison with total 4He
Location ANU# Age
ka
4He0
(IO*8)
4Herad
(10-8)
4Herad/4He0
%
Havre Trough Glasses
HT-1 90071 20 0.40 0.12 30
HT-2 90072 20 19.9 0.12 0.6
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Abundances in cm3STP g_1. 4He0 is the total observed 4He as listed in Table 7.1.b. 
Radiogenic helium (4Hera£j) calculated assuming a U concentration of 300 ppb, a Th/U 
ratio of 3, and assuming a maximum age of 20 ka, see text for discussion.
4He up to 30 percent of the total 4He. The results from this single sample, however, do 
not change the overall conclusion that radiogenic 4He produced in the samples since 
eruption is likely to be small to insignificant.
7.4.2. In situ cosmogenic 3He
The presence of cosmogenic 3He, produced from the interaction of cosmic-ray induced 
particles (primarily muons, but other elementary particles are also involved) with 
terrestrial materials [Lai and Peters, 1967; Yokoyama, 1977; Lai, 1987] has been 
observed. Under particular conditions 3 He/4 He ratios can be extremely high, as much 
as 1 x 10'4, or 75 times higher than atmospheric values [Kurz, 1986a, 1986b; Craig 
and Poreda, 1986; Marti and Craig, 1987; Nishiizumi et al., 1990; Kurz et al., 1990; 
Cerling, 1990; Staudacher and Allegre, 1991]. As the production of cosmogenic 3He 
will increase the 3He/4He ratio of geological samples, and thereby obscure the true 
helium isotopic composition of the sample at eruption, it is important to evaluate the 
effect of cosmogenic production of 3He in the present data set. This section therefore 
estimates the amount of cosmogenic 3He that has been produced in the samples, and 
compares this to the amount of 3He observed. As the 3He/4He cosmogenic production 
ratio is extremely high in comparison with the typical 3He/4He ratios of terrestrial 
samples (3He/4HeCosmogenic ~ 1), the amount of cosmogenic 4He produced in the 
samples will be insignificant in comparison with the total 4He. The production of 
cosmogenic 4He can therefore be safely ignored.
(i) Production rate of cosmogenic 3He
The rate of production of cosmogenic 3He is primarily a function of the flux of cosmic- 
ray induced particles. However, this flux varies owing to the shielding effects of the 
earth's magnetic field and atmosphere, and the amount of overburden. Thus, the 
production rate of cosmogenic 3He in a sample is a function of location, altitude, and 
depth below surface. Thus, it is necessary to first estimate the production rate of 
cosmogenic helium appropriate to each sample before attempting to assess the 
importance of cosmogenic effects. Estimates of the rate of production of cosmogenic 
3He in surface exposed samples has been made at a number of localities [Yokoyama et 
al., 1977; Lai, 1987; Kurz 1986b, Cerling, 1990]. However, a recent study by Kurz et 
al. [1990] found a wide range of production rates of cosmogenic 3He from about 50 to 
150 atoms g"1 a '1 (normalised to sealevel) in a suite of Hawaiian lava flows. For the 
following calculations, a production rate of cosmogenic 3 He of about 100 atoms g '1 a-1 
(3.7 x 10*18 cm3STP g"1 a '1) in a sample exposed at sealevel in Hawaii will be taken as 
the baseline for estimating the production rate of cosmogenic 3He in the New Zealand, 
and Vanuatu samples (this is also the value adopted by Staudacher and Allegre [1991]). 
Note that this value is at best an estimate, and may possibly be in error by as much as 
50 percent.
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Owing to variations in the shielding effect of the earth's magnetic field, the flux 
of cosmic-ray induced particles changes with location on the earth's surface [Lai and 
Peters, 1967; Yokoyama et al., 1977]. The degree of shielding due to the earth's 
magnetic field is a function of the vertical cutoff rigidity, which is the minimum 
momentum of a vertically incident particle required to avoid deflection by the earth's 
magnetic field (expressed in terms of gigavolts, GV). According to Shea et al. [1987], 
the vertical cutoff rigidity ranges from less than 1 GV in the polar regions, to a 
maximum of greater than 17 GV in the equatorial regions. Because a lower fraction of 
the incident cosmic-ray particles will have momentum high enough to penetrate the 
earth's magnetic field, higher vertical cutoff rigidities result in lower production rates of 
cosmogenic 3He. Based on the neutron flux dependence as a function of vertical cutoff 
rigidity determined by Pomeratz and Agrawal [1969] for an altitude of 3500 m, 
Staudacher and Allegre [1991] argued that for cutoff rigidities between 3 GV and 17 
GV, the production rate of cosmogenic 3He in a sample exposed at sealevel can be 
estimated from,
PR = H x [1.68 - (0.0637 x CR) + (9.99 x 10'4 x CR2)] (7.3)
where PR is the production rate of cosmogenic 3 He in the sample (in cm3STP g '1 a-1), 
H is the sealevel production rate at Hawaii (3.7 x 10'18 cm3STP g '1 a-1), and CR is the 
relevant vertical cutoff rigidity (in GV). Based on the work of Shea et al. [1987], the 
vertical cutoff rigidities over central North Island, and Vanuatu, are approximately 3.5 
GV and 12 GV, respectively. By using equation (7.3), these cutoff rigidities 
correspond to sealevel production rates of cosmogenic 3He for New Zealand and 
Vanuatu of 5.5 x 10'18 and 3.9 x 10*18 cm3STP g '1 a '1 respectively. These values will 
be used for the sealevel production rate of cosmogenic 3He in the following 
calculations.
Because of attenuation, the flux of cosmic-ray induced particles will also vary as 
a function of the density and distance of the material through which the particles travel 
to reach the sample. Thus, the production rate of cosmogenic 3He increases 
exponentially with increasing altitude owing to the decrease in the attenuation of the 
overlying atmosphere. As a generalisation, this leads to a doubling of the sealevel 
production rate for about every 1000 m of altitude [Yokoyama et al., 1977]. In contrast, 
the production rate of cosmogenic 3He decreases with increasing depth below surface. 
The estimated Me attenuation length (defined as the distance over which the flux of 
cosmic-ray induced particles responsible for the production of cosmogenic 3He drops to 
Me, i.e. to about 37 % of its initial value) is approximately 160 g cm '2 [Yokoyama et 
al., 1977], where the attenuation length is expressed as linear penetration depth 
multiplied by density so as to scale for density dependent variations in attenuation (i.e.
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160 g cm-2 is equivalent to about 0.53 m of rock of 3.0 g cm-3 density, or 1.60 m of 
water of 1.0 g cm*3 density).
(ii) Cosmogenic 3He in New Zealand samples
The rate of production of cosmogenic 3He in each of the samples from New Zealand, 
calculated on the basis of the sealevel production rate estimated above (5.5 x 10'18), and 
corrected for height above sealevel using the altitude correction of Yokoyama ex al. 
[1977], and for the shielding effects of overburden assuming a \/e attenuation length of 
0.5 m (i.e. an overburden density of 3.0 g cm-3), is presented in Tables 7.4.a. and 
7.4.b. The estimated rate of production of cosmogenic 3He varies from less than 2 x 
10'21 cm3STP g '1 a '1 to a maximum of 1.2 x 10*17 cm3STP g '1 a '1, the latter in a TVZ 
olivine sample (ANU# 88208, Pukeonake). Based on these production rates, and the 
maximum ages, the calculated amount of cosmogenic 3He that could be produced in the 
samples varies from less than 5 x 10'16 cm3STP g '1, to a maximum of 17 x 10'12 
cm 3STP g '1 in a 2.7 Ma old clinopyroxene (ANU# 88248, Te Kawa) from the 
Alexandra Volcanic Province.
The last column of Tables 7.4.a and 7.4.b compares the calculated amount of 
cosmogenic 3He that could be produced, with the total 3He observed in the New 
Zealand samples. A number of important observations can be made. First, in the 
majority of samples the maximum amount of cosmogenic 3He that could be generated in 
the samples is less than five percent of the total observed 3He. Thus, for most of the 
samples the in situ production of cosmogenic 3He is considered to be insignificant. 
Second, a small number of samples may have as much as ten percent of their total 3He 
produced cosmogenically (ANU# 88282, 88276a, 88276b, 88242). However, because 
all of these samples have poorly constrained ages, the calculated amounts of 
cosmogenic 3He in these samples are likely to be overestimated. In the clinopyroxene 
sample P.H.47 (ANU# 88209b) the calculated cosmogenic 3He accounts for 12 percent 
of the total 3He, but because the measured 3He amount in this sample has a 75 percent 
uncertainty (3He = 0.42 ± 0.31 x 10 '14 cm3STP g '1), the addition of 12 percent of 
cosmogenic 3He is too small to be significant. In the olivine sample from Pukeonake 
(ANU# 88208), the estimated cosmogenic 3He is about 50 percent of the total 3He, but 
this value is probably too high as it assumes surface exposure for the entire history of 
the sample (this sample was collected from a loose bomb on the floor of a disused 
scoria quarry, and may initially have had up to 10 m of overburden). In any case, the 
possible presence of cosmogenic 3He does not change the fact that this sample has the 
low est3He/4He ratio of all the samples studied (1.9 x 10'6).
In contrast to the samples discussed above, the remaining five samples (ANU# 
88245, 90064, 88247, 88248, 88280; indicated by ** in Table 7.4.a and 7.4.b), have 
estimated contributions of cosmogenic 3He that are dramatically higher than the other 
New Zealand samples. This is because all of these samples have one or more
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characteristics including significant ages (ANU# 88247, 88248, 88245), surface 
expDsure (ANU# 88282, 90064, 88248), or significant altitude (ANU# 88245, 
90064), that are favourable to the production of an observable cosmogenic 3He 
component. Importantly, these five samples also have measured 3He/4He ratios that are 
between 16 x 10'6 and 36 x 10*6 (Table 7.1, Fig. 7.2), significantly higher than the 
other samples measured in this study. The unusually high 3He/4He ratio of these 
samples is particularly evident in comparison with the large number of published helium 
results for arc-related fluids, all of which have 3 He/4 He ratios that are less than 12 x 10’ 
6 (see Chapter 5). Because of this correlation between high observed 3He/4He ratios, 
and the high estimated amounts of cosmogenic 3He, it is suggested that the high 
3He/4He ratios observed in these five samples reflect cosmogenic production of 3He. 
Because of the uncertainties in the calculation of the amount of cosmogenic 3He, it is 
not possible to constrain what the initial ^He/^He ratios of the samples were at eruption. 
However, it is suggested that the initial 3He/4He ratios in the samples would have been 
within the range of 3He/4He ratios observed in the other samples, i.e., less than or 
equal to 12 x 10‘6. The observation that in four of these samples the estimated 
cosmogenic 3 He is between 1.6 and 42 times higher than the observed 3He, indicates 
thac for a significant part of their geological history, they probably were shielded by a 
greater amount of overburden than assumed in the above calculations. The possibility 
that the high 3He/4He ratios in these five samples reflects the presence of a mantle- 
derived component with a 3He/4He ratio higher than MORB is therefore regarded as 
most unlikely, and is rejected.
(iii) Cosmogenic 3He in Vanuatu, Tonga-Kermadec Ridge, and Havre 
Trough samples
Because of the attenuation effect of the overlying column of seawater (> 1000 m), the 
production rate of cosmogenic 3He in the dredged samples from the Tonga-Kermadec 
Ridge and Havre Trough is effectively zero. The Vanuatu samples were collected from 
subaerial lava flows, so that the production of cosmogenic 3He may be important. 
However, due to uncertainties in the age of the Vanuatu samples (anywhere between 
100 ka on the basis of Gorton's [1974] K/Ar ages, and several thousand years on the 
basis of preservation, [S.Eggins, pers. comm.]), and uncertainty in the exposure 
histories of the samples [S. Eggins, pers. comm.], it is extremely difficult to evaluate 
the cosmogenic 3He component in the Vanuatu samples. Assuming maximum ages 
(100 ka) and surface exposure, about ten times more 3 He should be found in the 
Vanuatu samples than is actually observed. However, as the ages could be as low as 
several thousand years, and there may have been significant soil cover in the past 
(recalling that 30 cm of rock halves the 3He production rate), this estimate is so poorly 
constrained as to be meaningless. However, the observed 3He/4He ratios of the 
Vanuatu samples are generally low (2.9 x 10'6 to 5.9 x 10*6, Table 7.1.b), and a
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possible cosmogenic 3He component does not change the overall conclusions regarding 
the Vanuatu samples, namely, that the observed 3 He/4 He ratios are significantly lower 
than the MORB value. Clearly, the Vanuatu 3He/4He ratios should be considered as 
maximum values.
7.4.3. In situ helium components: Summary
The production of in situ radiogenic 4He and cosmogenic 3He is important because the 
presence of these components will obscure the true helium composition of the samples 
at eruption. This section has shown that although in situ production of radiogenic 4He 
may have altered the helium isotopic ratios, for the majority of samples this effect will 
have been negligible (i.e. less than 10 percent of the total 4He). In contrast, five of the 
New Zealand samples, one olivine and four clinopyroxenes, have high 3He/4He ratios 
that can be attributed to the presence of cosmogenic 3He. The helium results for these 
five samples therefore do not represent the helium composition of the parent magmas at 
some stage prior to eruption. However, the remaining samples are all either too young, 
or have been shielded from cosmic-ray induced particles by overburden, for the 
production of cosmogenic 3He to be significant. Cosmogenic components will not be 
present in the dredged oceanic samples from the Havre Trough and Tonga-Kermadec 
ridge owing to the shielding effect of the overlying water column. In the case of the 
Vanuatu samples, uncertainties about the exposure histories and geological age of the 
samples prevents the assessment of possible 3He components. The low 3He/4He ratios 
of the Vanuatu samples are therefore regarded as maximum values.
7.5. Multiple Component Mixing
Having identified which samples have been affected by post-eruption production of in 
situ helium components, it is now possible to interpret the helium results in terms of the 
mixing of various helium components in the parent magmas at some time prior to 
eruption. The first part of this section investigates the presence of atmospheric helium, 
and will show that atmosphere-derived helium is likely to be an small component in the 
samples.
7.5.1. Atmosphere-derived helium
As previously discussed (Chapter 5), it is possible to estimate the contribution of 
atmospheric helium by assuming all the 22Ne is derived from the atmosphere, and 
assuming an atmospheric 4He/22Ne ratio of 3.12. By using the following equation it is 
possible to correct the observed 3He/4He ratios for the addition of atmospheric helium 
(after Craig et al. [1978], and Sano and Wakita [1989]):
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W Hecorrected = [(3He/*He0bserved) - R(3He/4He)air] /  1 - R (7.3)
where
R = (4He/22Ne)air /  (4He/22Ne)0bserved (7.4)
As previously stated, such a calculation provides only a crude estimate; nevertheless it 
is useful as it shows that the atmospheric component probably is too small to be 
significant. Tables 7.5 lists the observed 4He/22Ne ratios, the amount of atmosphere- 
derived 4He (4Heair) calculated assuming all the 22Ne is atmosphere-derived with a 
4He/22Ne ratio of 3.12 (4Heair = 22Ne observed (4He/22Ne)air), the fraction of total 4He 
which is atmosphere-derived, and the 3He/4He ratio corrected for the atmospheric 
component using equation (7.3). The observed abundance of 4He and the observed 
3He/4He ratios are also listed for clarity.
Table 7.5 clearly shows that for the majority of samples the maximum 
contribution of atmosphere-derived 4He to the samples is generally much less than five 
percent of the total 4He (the three exceptions are discussed below). Thus, when the 
uncertainties in the measurements are considered, the corrected 3He/4He ratios are 
indistinguishable from the measured 2He/4He ratios. The exceptions are three of the 
four TVZ clinopyroxene samples (ANU# 88245, 88206, 88209b), which owing to low 
helium concentrations, have calculated contributions of atmosphere-derived 4He that are 
between 1.3 and 21 percent of the total 4He. However, one of these samples (ANU# 
88245) includes a significant amount of cosmogenic 3He and therefore can be excluded 
from the discussion (see Section 7.4.2). Because of the low helium concentrations, the 
other two samples have very high uncertainties in their measured 3He/4He ratios (± 
37% and ± 50%, Table 7.1.a), and therefore the addition of atmospheric helium to 
these samples is of little concern.
Thus it is concluded that the atmosphere-derived component of helium in the 
samples is either negligible, or would contribute an amount that would have an effect 
that is small in comparison with the uncertainties in the measured 3He/4He ratios. The 
validity of this conclusion is illustrated by the fact that all the corrected 3He/4He ratios 
listed in the last column of Table 7.5 are indistinguishable from the measured 3He/4He 
ratios.
7.5 .2 . Mixing of primordial and radiogenic helium
In the introduction to this chapter five components were identified as possible important 
sources of helium in the samples. The previous sections of this chapter have shown, by 
a process of elimination, that in most cases three of these components are unlikely to be 
significant. These are in situ radiogenic 4He produced by the decay of U and Th, 
cosmogenic 3He produced by the interaction of cosmic-ray induced particles with the
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samples, and atmosphere-derived helium. The following discussion excludes the five 
New Zealand samples which have high 3He/4He ratios attributed to the presence of 
cosmogenic 3He.
The observed variation in 3He/4He ratios between about 2 x 10'6 and 12 x 10'6 
(Fig. 7.2) is considered to reflect the helium isotopic composition of the parent 
magmas. This range of measured values is interpreted to be the result of mixing of two 
dominant helium components characterised by different proportions of primordial 3He 
and radiogenic 4He. It will be argued that these are a high 3He/4He component rich in 
primordial 3He and derived from the mantle, and a low 3He/4He component rich in 
radiogenic 4He and probably derived from crustal material. This interpretation is 
essentially identical to that developed to explain the helium isotopic compositions of arc- 
related fluids in Chapter 5.
(i) A MORB-like mantle-derived high 3He/4He component
A number of arguments can be presented which suggest that the high 3He/4H e 
component present in the samples is derived from a MORB-like mantle source. First, 
the samples have a maximum 3He/4He ratio of about 12 x 10'6, indistinguishable from 
the 3He/4He ratios found in N-type MORB glasses. Second, the samples were collected 
from lavas whose parental magmas are believed to be derived from the upper mantle 
(see Chapter 6). Furthermore, it can be argued that the upper mantle is homogenous in 
helium on a global scale because N-type MORB glasses have a remarkably uniform 
3He/4He ratio of about 12 x 10'6. Thus it seems reasonable to suggest that the upper 
mantle source of the samples reported in this study is likely to include a MORB-like 
helium component. Although these arguments observations do not provide a rigourous 
proof, they are internally consistent and together are highly suggestive that the high 
3He/4He component is derived from a MORB-like mantle source (see Section 5.2.6).
The possible presence of a helium component derived from a Hawaiian-type 
mantle source with high 3He/4He ratios (> 20 x 10*6), is rejected as none of the samples 
show 3He/4He ratios higher than those observed in N-type MORB glasses (except the 
five samples with significant cosmogenic 3He). Furthermore, if the high 3He/4He ratios 
associated with a Hawaiian-type helium source are, as generally assumed, a signature 
of a mantle plume rising from the deep mantle, then there is a geometrical difficulty in 
transporting the plume helium through the cold subducted slab which underlies the 
mantle wedge beneath subduction arcs.
(ii) A low 3He/4He component rich in radiogenic 4He
It was previously demonstrated that a significant proportion of the low 3He/4He 
component in subduction-related fluid samples is derived from the crust, and introduced 
into the fluids as they migrate away from the magmatic source with its relatively high 
3He/4He component (Section 5.2.4). It was therefore concluded that the helium isotopic
1 4 4
ratios of the fluid samples commonly do not represent the helium isotopic composition 
of the local magma. One of the primary purposes of studying phenocrystic and 
xenolithic mineral phases was to overcome the addition of this shallow, locally-derived, 
component of radiogenic helium. Thus, it was hoped that the 3He/4He ratios in the 
mineral samples would provide a direct measurement of the helium isotopic ratio of the 
magmas.
However, excluding the five samples containing cosmogenic 3He, there is no 
clear systematic difference between the published 3 He/4 He ratios of the fluid samples 
and the isotopic composition of the helium in the olivine, pyroxene and glass samples 
reported here. This variation is therefore interpreted as indicating variable 3He/4He 
ratios in the magmas themselves, brought about by the introduction of a significant 
component of radiogenic-rich helium into the magmas prior to eruption.
Although it is possible to identify a radiogenic-rich component of helium in arc 
magmas, the mechanism by which this component is introduced to the magmas is far 
from clear. At least two mechanisms can be suggested: (a), incorporation of radiogenic- 
rich helium, released from the sediments and crust of the downgoing slab, into the 
mantle source of the magmas, and (b), introduction of radiogenic-rich helium derived 
from local crustal rocks during the ascent of the magma from the mantle, either by direct 
assimilation of crustal material, or by interaction with crustal fluids carrying radiogenic 
4He leached from the surrounding country rocks. It would be useful to distinguish 
between these two possibilities and their relative importance, but helium data alone are 
insufficient for this purpose.
(Hi) Deconvolution of mantle and radiogenic-rich helium components 
This chapter has developed an interpretation of most of the observed helium results that 
is based upon mixing of just two components. By assuming the 3He/4He ratios of the 
two components, it is possible to deconvolve their relative contributions by using 
simple two-endmember mixing equations. Note that this would not be possible if there 
were three or more components, because helium has only two isotopes.
For the purposes of the following calculation, the mantle derived component is 
assumed to have a MORB-like 3H e/4He ratio of 12 x 10*6; the validity of this 
assumption was discussed previously (see Section 7.5.2, (ii)). The radiogenic 
endmember is assumed to be pure 4He; this is a reasonable first order assumption as the 
3He/4He ratio of crustal material is generally much lower than 0.2 x 10'6 [Tolstikhin 
and Drubetskoy, 1975; Mamyrin and Tolstikhin, 1984]. Thus, it is assumed that all the 
3He is primordial and derived from the mantle. The relative contributions of mantle and 
crustal 4He, expressed as a fraction of the total observed 4He, can now be estimated 
from
4H e n /H e t = (3He/4He)observed(4He/3He)MORB (7.6)
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and
4Hec/4Het = 1 - (3He/4He)0bserved(4He/3He)MORB (7.7)
where 4H em and 4Hec are the 4He components derived from a MORB-like mantle 
source and the crust respectively, and 4Het is the total observed 4He. Note that such a 
calculation effectively normalises the observed helium isotopic compositions to the 
MORB helium isotopic ratio.
Table 7.6 presents an estimation of the relative contributions of mantle and 
crustal 4He to the total 4He in the samples based on equations (7.6) and (7.7). The five 
New Zealand samples with high 3He/4He ratios attributed to cosmogenic 3He, and the 
North Tonga Ridge olivine sample with a uncertainty of greater than 300 percent in the 
measured 3He/4He ratio, are excluded. Table 7.6 shows that the MORB-like helium 
component ranges from 100 percent in xenolithic olivine sample from Auckland (ANU# 
88276b), to as little as 16 percent in an arc-related olivine sample from the Taupo 
Volcanic Zone (ANU# 88208). It is stressed that this calculation is simply an alternative 
way of expressing the observed 3He/4He ratios so as to indicate the relative importance 
of the dominant helium components in the samples.
7.6. Comparison of Arc-related and Intraplate Samples
The purpose of including measurements on a suite of intraplate olivine samples from the 
young volcanic provinces of Northland and Auckland was to provide a comparison 
with the arc-related samples. It was stated earlier that the intraplate samples have 
slightly higher 3He/4He ratios than the arc-related samples (Fig. 7.2). This is also 
shown in Table 7.6 where the MORB-derived component in the intraplate samples 
accounts for between 67 and 100 percent of the total 4He, but accounts for between 16 
and 78 percent in the arc-related samples. Thus it appears that the intraplate samples 
incorporate a smaller proportion of radiogenic helium.
The apparent difference between the helium isotopic ratios of the intraplate and 
arc-related samples must be viewed with caution, but it is interesting to consider a 
number of possible explanations for this observation. It is possible that the mantle 
source of the intraplate magmas has been less affected by the addition of subducted 
helium. This suggestion is consistent with the locations of the intraplate samples being 
much further from the active site of subduction than the arc-related samples, and also 
with the observation that the geochemistry of the lavas does not indicate a significant 
subducted component in the mantle source of the intraplate magmas (see Chapter 6). 
Alternatively, the intraplate magmas may have undergone lower degrees of interaction
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Table 7.6. Estimation of the relative contributions of MORB-like and crustal radiogenic 
helium to the total 4He in the samples
Location ANU# MORB-like 4He Crustal radiogenic 4He 
4Hem/4Het 4Hec/4Het
(%) (%)
Taupo Volcanic Zone, phenocrystic olivine
Ongaroto 88242 62 (5) 38 (5)
Mahuia 88207 78(3) 22 (3)
Pukeonake 88208 16(4) 84 (4)
P.H.47 88209a 75 (2) 25 (2)
P.H.47 90067a 69 (2) 31(2)
P.H.47 90067b 50(1) 50(1)
Waimarino 88244a 75 (5) 25 (5)
Waimarino 88244b 75 (2) 25 (2)
Waimarino 88244c 67 (3) 33 (3)
Taupo Volcanic Zone, phenocrystic clinopyroxene
Ohakune 88206 t54  (20) 146 (20)
P.H.47 88209b 1*58 (28) 142 (28)
Kermadec Ridge, phenocrystic olivine (submarine)
Rumble II 88291 62 (8) 38 (8)
Vanuatu, phenocrystic olivine
Ambrym 88296 29 (5) 71 (5)
Ambae 88297 49 (3) 51(3)
Ambae 88298 46 (3) 54 (3)
Ambae 90061 24 (2) 76(2)
Havre Trough, back-arc basin basaltic glasses (submarine)
HT-1 90071 54 (3) 46 (3)
HT-2 90072 70(1) 30(1)
Northland Volcanic Province, intraplate phenocrystic olivine
Puketona 88228 86 (2) 14(2)
Picadilly 88238 70 (5) 30 (5)
Auckland Volcanic Province, intraplate phenocrystic olivine
Wiri 88265 79 (2) 21(2)
Crater Hill 88269 83 (2) 17(2)
Puketutu 88282 93 (3) 7(3)
Auckland Volcanic Province, intraplate xenolithic olivine
L. Pupuke 88276a 82 (2) 18(2)
L. Pupuke 88276b 100(3) 0(3)
Ridge Rd. 88263 67 (3) 33 (3)
Stone Rd. 88283 76 (2) 24 (2)
Subscripts 'rri, 'c', and 't' indicate the mantle-derived, crustal-derived, and total 
observed 4He, respectively. Relative contribution of each component calculated on the 
basis of equations (7.6) and (7.7), assuming atmospheric and in situ radiogenic helium 
is negligible, f  indicates samples with high uncertainties in measured 3He/4He ratios; 
these values are therefore only poorly constrained. Samples affected by production of 
cosmogenic helium are excluded. Numbers in brackets list la  uncertainty in last quoted 
digits.
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with the surrounding crustal country rocks during ascent from the mantle. However, on 
the basis of this data set it is not possible to distinguish between these two possibilities.
7. 7. Summary
The primary purpose of studying phenocrystic and xenolithic mineral phases, and 
quenched basaltic glasses, was to measure the noble gas composition of the parent 
magmas at some time prior to eruption. Having determined the helium isotopic 
compositions of the magmas, it is possible to use these data to constrain the various 
sources of helium in the samples.
The most important observation is that the helium isotopic ratios in the samples 
show a range from about 2 x 10'6 to as high as 36 x 10'6. However, five samples from 
New Zealand appear to have been affected by the production of significant amounts of 
cosmogenic 3He. When these five samples are excluded, the remaining samples show a 
more restricted range in 3He/4He ratios, from 2 x 10*6 to about 12 x 10*6. This range of 
helium isotopic ratios is consistent with that observed in arc-related fluids. Because the 
in situ production of radiogenic 4He and cosmogenic 3He can be shown to be 
insignificant in the majority of samples, the observed helium isotopic ratios are 
considered to reflect the 3He/4He ratios of the parent magmas at some time prior to 
eruption.
As the addition of atmospheric helium to the samples is also unimportant, the 
variations in observed 3He/4He ratios are interpreted as the result of mixing of just two 
helium components: a mantle-derived high 3He/4He component relatively rich in 
primordial 3He, and a low 3He/4He component rich in radiogenic 4He and derived from 
crustal materials. Because all the samples, except those affected by production of 
cosmogenic 3He, have 3He/4He ratios that are either indistinguishable from, or lower 
than, the 3He/4He ratios observed in N-type MORB glasses, it is argued that the high 
3He/4He component in the samples is derived from a mantle source characterised by a 
MORB-like 3He/4He ratio. By assuming all the 3He in the samples is derived from this 
mantle source, it is possible to deconvolve the relative contributions of the mantle- 
derived (MORB-like) and low 3He/4He (crustal) components in each of the samples.
However, although the helium data allow the identification and quantification of 
mantle and crustal components, it is not possible to determine whether the radiogenic- 
rich low 3He/4He component is derived from the interaction of ascending magmas with 
local crustal rocks, or by the introduction of radiogenic helium to the mantle source of 
the magmas by release of volatiles from the sediments and crust of the downgoing slab. 
Thus, these data does not allow us to constrain the overall mass budget of helium 
within subduction zones. The question of whether or not subducted helium is extracted
148
from the downgoing slab and incorporated into the overlying mantle wedge, or is 
recycled into the deep mantle, remains unanswered.
The following chapter presents and discusses the results for the heavier noble 
gases, neon, argon, krypton and xenon. The conclusion that there is a MORB-like 
helium component in arc-related samples is extremely important, as it suggests that 
there may also be a MORB-like component of the heavier noble gases in arc-related 
samples. However, in contrast to the helium results, it will shown that the dominant 
component of the heavier noble gases is atmosphere-like. The dominance of this 
atmospheric component makes it difficult to resolve the origins of the small non- 
atmospheric component of the heavier noble gases that is present in some of the 
samples.
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8Noble Gas Results: Neon, Argon, Krypton and
Xenon
"Most of the fundamental ideas of science are essentially simple"
Albert Einstein
8.1. Introduction
An ultimate goal in measuring the composition of noble gases in arc-related samples is 
to study the movement and geochemical mass budget of noble gases in the subduction 
environment. The results for the heavier noble gases, neon, argon, krypton and xenon, 
from the arc-related and intraplate samples from New Zealand, Vanuatu, the Tonga- 
Kermadec Ridge and the Havre Trough back-arc basin are presented in this chapter. The 
aim of this chapter is to identify and deconvolve the relative contributions of mantle, 
crustal, atmospheric and in situ radiogenic, nucleogenic and cosmogenic components of 
the heavier noble gases in the samples. This is an important first step, as once the 
relative contributions of each of the various components of the heavier noble gases have 
been determined, it is possible to consider the timing, location, and mechanisms of the 
processes which introduce noble gases to the samples.
The discussion of the heavier noble gas results has been separated from the 
helium results for two reasons. First, because the atmosphere is an important reservoir 
of terrestrial heavier noble gases, atmosphere-derived heavier noble gases are likely to 
be a significant and important component in the samples. This is in contrast with helium 
where the very low concentration of helium in the atmosphere, a result of exospheric 
loss of helium to space, means that the addition of atmospheric helium to the samples is 
generally insignificant. Second, the observation of a MORB-like component of helium
15 1
discussed in the previous chapter suggests that there may also be a MORB-like 
component of the heavier noble gases in the samples. The possible presence of a 
MORB-like component of the heavier noble gases will therefore be a recurring theme in 
the following discussion.
This chapter has the following structure. The first section presents and describes 
the noble gas results. The second section interprets the heavier noble gas data in terms 
of mixing multiple components which have different noble gas compositions, and 
argues that the dominant component of the heavier noble gases appears to be 
atmosphere-derived. The third section assesses the relative importance of in situ 
radiogenic 40 Ar produced from the decay of 40K, and cosmogenic 21Ne produced by 
the interaction of cosmic-ray induced particles with the samples since eruption. This 
section shows that with the exception of the two Alexandra clinopyroxene samples in 
which cosmogenic 21 Ne is an important component, in situ components are unlikely to 
be significant in the majority of samples. By combining the heavier noble gas results 
with the helium data presented in the previous chapter, it is argued in the final section 
that the non-atmospheric component comprises a mixture of noble gases derived from 
the mantle and crust.
8.2. Noble Gas Results: Description
8.2.1. Introduction
The elemental abundances of all five noble gases, and the isotopic ratios of helium, 
neon and argon for all samples measured in this study are presented in Tables 8.1.a to
8.1. e. Although the helium results were presented and discussed in the previous 
chapter, the helium data are also included here to facilitate integration of the helium and 
heavier noble gas data. Krypton and xenon isotopic ratios were atmospheric at the 2a  
uncertainty level and are listed in Appendix 7. Details of sample preparation, analytical 
technique, and blank amounts used for blank corrections are listed in Appendix 7. 
Descriptions of the general geology, tectonic setting and geochemistry of the volcanic 
provinces from which the samples were collected, are given in Chapter 6.
8.2.2. Abundances
The abundances of 3 Fie, 22Ne, 84Kr and 132Xe are plotted against the absolute 
abundance of 36Ar in Fig. 8.1.a to 8.1.d. The absolute abundances of all five noble 
gases vary by about two orders of magnitude between samples. Overall, the 
concentrations of the noble gases in these samples are lower than those observed in 
basaltic oceanic glasses (see Figs. 4.1 and 4.2). There is a positive correlation between 
the abundances of Ne and Kr with Ar, and a weak positive correlation between the
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Figure 8.1.a and 8.1.b. Comparison of the abundances of 3He and 22Ne with 36Ar in 
olivine and clinopyroxene samples from New Zealand, Vanuatu, Tonga-Kermadec 
Ridge, and in basaltic glasses from Havre Trough back-arc basin. Gas abundances in 
cm2STP g '1. Uncertainties generally lie within symbols. Subduction-related samples: 
Taupo Volcanic Zone olivine - large open circles, Taupo Volcanic Zone clinopyroxene - 
solid circles, Tonga - Kermadec Ridge olivine - open squares, Alexandra Volcanic 
Centre clinopyroxene - solid squares, Vanuatu Arc olivine - dotted squares. Havre 
Tough back-arc basin basaltic glasses - open triangles. Intraplate samples from 
Northland and Auckland Volcanic Provinces: phenocrystic olivine - small circles, 
xenolithic olivine - crosses.
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Figure 8.1.C and 8.1.d. Comparison of the abundances of 84Kr and 132Xe with 36Ar in 
olivine and clinopyroxene samples from New Zealand, Vanuatu, Tonga-Kermadec 
Ridge, and in basaltic glasses from Havre Trough back-arc basin. Gas abundances in 
cm3STP g '1. Uncertainties generally lie within symbols. Subduction-related samples: 
Taupo Volcanic Zone olivine - large open circles, Taupo Volcanic Zone clinopyroxene - 
solid circles, Tonga - Kermadec Ridge olivine - open squares, Alexandra Volcanic 
Centre clinopyroxene - solid squares, Vanuatu Arc olivine - dotted squares. Havre 
Tough back-arc basin basaltic glasses - open triangles. Intraplate samples from 
Northland and Auckland Volcanic Provinces: phenocrystic olivine - small circles, 
xenolithic olivine - crosses.
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abundances of Xe and Ar. In contrast, there is no systematic correlation between the 
abundances of He and Ar. As noted in the previous chapter, the concentration of He in 
the TVZ clinopyroxenes, and the olivines from the Tonga-Kermadec Ridge and 
Vanuatu, are systematically lower than the New Zealand olivine samples (Fig. 8.1.a).
8.2.3. Neon isotopic results
Figure 8.2.a presents the neon isotopic data on a conventional neon three isotope plot. 
Overall the data show a cluster centred on the atmospheric composition with a number 
of results scattering towards higher 20Ne/22Ne and 21Ne/22Ne ratios. The following 
section subdivides the samples into those that show atmospheric and non-atmospheric 
neon isotopic compositions. In addition, the samples showing non-atmospheric neon 
can be further divided into two subgroups.
(i) Samples with atmospheric 20Ne/22Ne and 21 Ne/22Ne ratios
For the purposes of the following discussion, measured 20Ne/22Ne and 21Ne/22Ne 
ratios that are within three percent of the atmospheric composition (i.e. 820 and §21 are 
within ± 3 % of zero) are considered to be indistinguishable from atmospheric (this is 
because the CC>2++ interference correction is typically of the order of 3 % of the 22Ne 
peak, see discussion in Appendix A.7.2.2). On this basis the majority of samples are 
considered to have effectively atmospheric ^N e/^N e and 21Ne/22Ne compositions. 
This group includes the TVZ clinopyroxenes, Tonga-Kermadec olivines, Havre Trough 
glasses, Vanuatu olivines, four of the TVZ olivines, four of the intraplate phenocrystic 
olivines from Northland and Auckland and two of the intraplate xenolithic olivine 
samples. It is concluded that these samples are dominated by an atmosphere-derived 
component to the point where any non-atmospheric components have been effectively 
obscured. The possible processes by which this atmospheric component is introduced 
into the samples will be discussed later.
(ii) Samples within non-atmospheric neon isotopic compositions
For a measured 20Ne/22Ne or 21Ne/22Ne ratio to be considered as non-atmospheric, it 
must fulfil two criteria: (a) as stated, the measured ratio must differ from atmospheric by 
more than three percent, and (b), the measured ratio must also be distinguishable from 
atmospheric at the la  uncertainty level. Tables 8.1.a to 8.I.e show that there are ten 
samples which have measured 21Ne/22Ne ratios that are higher than atmospheric and 
which fulfil these requirements. The neon results for these ten samples therefore 
warrant further discussion. For the purposes of clarity, these ten neon results are plotted 
in Fig. 8.2.b without the samples which display atmospheric neon compositions. On 
the basis of Fig. 8.2.b, the samples which have non-atmospheric 21Ne/22Ne ratios can 
be further subdivided into two subgroups.
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(a) Samples with MORB-trend neon compositions
In the previous chapter, it was argued that the helium data can be interpreted as 
indicating a MORB-like helium component in the samples. This observation raises the 
expectation that there may also be a MORB-like component of the heavier noble gases 
present in the samples. Previous studies have shown that MORB glasses have 
distinctive neon isotopic compositions which define a linear trend from atmosphere-like 
values to higher 20Ne/^Ne and ^N e/^N e ratios in a neon three isotope plot [Sarda et 
ai, 1988; Hiyagon et al., 1992].
Figure 8.2.b shows that five of the ten samples which display non-atmospheric 
^N e/^N e isotopic compositions also have measured 20Ne/22Ne ratios that are slightly 
higher than atmospheric. Note however, that three of these samples have 20Ne/22Ne 
ratios that are indistinguishable from atmospheric when the la  uncertainties are 
considered. These five samples form a broad scatter towards higher than atmospheric 
21Ne/22Ne and 20Ne/22Ne ratios along a trend similar to that identified for MORB 
glasses. These comprise two TVZ olivine samples which were both measured in 
duplicate (ANU# 88209a and 90067b from P.H.47, and ANU# 88244b and 88244c 
from Waimarino), and the intraplate xenolithic olivine sample from Stone Road (ANU# 
88283). Thus, the neon results for these five samples are consistent with the presence 
of a small, but still observable, MORB-like neon component to which has mixed with a 
dominant atmospheric neon component.
(b) ANU# 88269, 88280 and 88208, and the Alexandra clinopyroxenes
The third group comprises five samples which have non-atmospheric 21Ne/22Ne ratios 
but measured 20Ne/22Ne ratios that similar to, or slightly lower than, atmospheric. 
These five samples plot well below the MORB neon trend in Fig. 8.2.b. This group 
includes two intraplate olivine samples (ANU# 88269, Crater Hill, and 88280, 
Otuatua), an arc-related olivine sample from the TVZ (ANU# 88208, Pukeonake), and 
the Alexandra clinopyroxenes (ANU# 88247, Kakepuku, and ANU# 88248, Te 
Kawa). Results from these samples are considered to be distinct from the five samples 
discussed above which plot along a trend similar to the MORB line. Thus, these results 
appear to require the presence of an additional high 21Ne/22Ne component. It will be 
argued that these results probably reflect the in situ production of cosmogenic 21Ne in 
the samples since eruption.
8.2.4. Argon isotopic results
(i) 40Ar/36Ar ratios
Figure 8.3 presents a plot of 40Ar/36Ar ratios against the inverse 36Ar abundances. 
There is a wide range in 40Ar/36Ar compositions, from near atmospheric values of 295, 
to a maximum value of about 700. On the basis of the 40Ar/36Ar ratios it is possible to
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Figure 8.3. 40Ar/36Ar ratio versus inverse 36Ar abundance in olivine and clinopyroxene 
samples from New Zealand, Vanuatu, Tonga-Kermadec Ridge, and in basaltic glasses 
from Havre Trough back-arc basin. Subduction-related samples: Taupo Volcanic Zone 
olivine - large open circles, Taupo Volcanic Zone clinopyroxene - solid circles, Tonga - 
Kermadec Ridge olivine - open squares, Alexandra Volcanic Centre clinopyroxene - 
solid squares, Vanuatu Arc olivine - dotted squares. Havre Tough back-arc basin 
basaltic glasses - open triangles. Intraplate samples from Northland and Auckland 
Volcanic Provinces: phenocrystic olivine - small open circles, xenolithic olivine - 
crosses.
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make a distinction between the the New Zealand olivine samples (both arc-related and 
intraplate) and the other samples measured in this study.
(a) New Zealand olivine samples
The New Zealand olivine samples, which comprises the TVZ olivines and the intraplate 
phenocrystic and xenolithic olivines, exhibit a range of 40Ar/36Ar ratios from 
atmospheric values (295) up to a maximum of about 700. The high 40Ar/36Ar ratios are 
interpreted as reflecting the presence of radiogenic 40Ar generated by the decay of 40K. 
This radiogenic 40Ar may have been generated within the sample since eruption by the 
in situ decay of 40K, or may have been derived from a mantle or crustal source which 
has a high 40Ar/36Ar ratio owing to the decay of 40K over geological time. Figure 8.3 
shows that if only the TVZ olivine samples are considered, there is a clear linear 
correlation between 40Ar/36Ar isotopic ratios and the inverse argon abundance which 
passes through the atmospheric composition. For the TVZ olivines at least, the 
observed variations in 40Ar/36Ar ratios and argon abundance can be explained by simple 
two endmember mixing between atmosphere and radiogenic 40Ar. However, overall 
there is a poor correlation between 40Ar/36Ar isotopic ratios and the inverse argon 
abundance. This poor correlation indicates that in general the argon results can not be 
interpreted as simple mixing of two components.
(b) New Zealand clinopyroxenes, Tonga-Kermadec and Vanuatu olivines, and Havre 
Trough glasses
In contrast with the New Zealand olivine samples discussed above, the TVZ and 
Alexandra clinopyroxenes, Tonga-Kermadec and Vanuatu olivines and Havre Trough 
glass samples have near-atmospheric 40Ar/36Ar ratios of less than 320. The Havre 
Trough glasses are also included in this low 40Ar/36Ar group although one of these 
samples (ANU# 90071) has a slightly higher 40Ar/^6Ar ratio of 353 ± 6. These 
atmosphere-like 40Ar/36Ar ratios are interpreted as indicating the presence of a dominant 
atmosphere-derived component of argon.
(ii) 38A r /36Ar  ratios
The measured 8^Ar/36Ar ratios are generally close to the atmospheric value of 0.188, 
although there are a number of exceptions. All the Vanuatu samples and one of the TVZ 
olivine samples (ANU# 88207), show 38Ar/36Ar ratios that are slightly lower than 
atmospheric at the 2o  uncertainty level. In addition, one of the Havre Trough glass 
samples (ANU# 90071) has a 38Ar/36Ar ratio which is significantly higher than 
atmospheric.
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8.2.5. Krypton and xenon isotopic results
As stated in the introduction to this section, the krypton and xenon isotopic results are 
indistinguishable from atmospheric at the 2a level, and are listed in Appendix A.7. 
Given that at least some mantle-derived samples have been observed to have non- 
atmospheric xenon isotopic compositions, the atmospheric krypton and xenon results 
presented here are consistent with the suggestion of a dominant atmosphere-like 
component in the heavier noble gases.
8.2.6. Noble gas results: summary
The abundances of all five noble gases vary by more than two orders of magnitude. 
There is a broad positive correlation between the abundances of the heavier noble gases 
Ne, Ar, Kr and Xe, but there is no correlation between the abundances of He and the 
heavier noble gases. 40Ar/36Ar ratios range from atmospheric values to a maximum of 
about 700, and the samples can be divided into two groups, a high 40Ar/36Ar group and 
a low 40Ar/36Ar group. Similarly, the neon isotopic results range in value from 
atmospheric to higher than atmospheric, and on the basis of these results the samples 
can be divided into three groups; the first group showing atmospheric neon isotopic 
compositions, the second group, neon isotopic compositions that plot along the MORB 
neon trend, and the third group, high 21Ne/22Ne ratios which plot below the MORB 
neon trend in a neon three isotope plot. The isotopic ratios of krypton and xenon are 
indistinguishable from atmospheric.
The variations in neon and argon isotopic compositions appear to require the 
presence of multiple heavy noble gas components. This is clearly shown in the neon 
three isotope plot (Figs. 8.2.a and 8.2.b) where it is possible to identify a dominant 
atmospheric component, a possible MORB-like component and a third component rich 
in 21Ne. The dominance of the atmospheric component of the heavier noble gases is in 
contrast with the helium results discussed in Chapter 7, where it was was shown that 
atmosphere-derived helium is generally insignificant in the samples. As previously 
noted, this apparent contradiction arises because of the very low concentration of He in 
the atmosphere in comparison with the heavier noble gases. Thus, an atmosphere- 
derived component may dominate the heavier noble gases, but make only a minor 
contribution to the helium in the samples.
Before attempting to interpret the data further, it is necessary to assess the 
possible presence of components of neon and argon generated within the samples since 
eruption. These include in situ radiogenic 40Ar and nucleogenic 21Ne produced within 
the sample since eruption by the decay of 40K and uranium and thorium respectively, 
and in situ cosmogenic 21Ne produced by the interaction of cosmic-ray induced particles 
with the samples.
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8.3. Assessment of In Situ Argon and Neon
The earlier sections of this chapter identified the presence of non-atmospheric neon and 
argon in the samples. It is important to assess the significance of in situ neon and argon 
components produced in the samples since eruption, as the presence of these 
components may account for the observed non-atmospheric ^ A r /^ A r  and 2lNe/22]sje 
ratios. This section therefore discusses the possible importance of 40Ar and 21Ne 
produced in the samples since eruption by radiogenic, nucleogenic and cosmogenic 
processes.
8.3.1. In situ radiogenic 40Ar
Owing to the production of in situ radiogenic 40Ar generated by the local decay of 40K, 
the 40Ar/36Ar ratios observed in the samples may be higher than the 40Ar/36Ar ratio of 
the argon that was trapped in the samples at eruption. It is therefore necessary to assess 
whether or not the in situ production of radiogenic 40Ar can account for the observed 
non-atmospheric 40Ar/36Ar ratios. In order to do this it is first necessary to calculate the 
amount of non-atmospheric 40Ar that is present in the samples. By assuming all the 
36Ar is atmosphere-derived, it is possible to calculate the amount of non-atmospheric 
40Ar from
40Arna = 40Artotal - 40Arair
=  36Artotai [(40Ar/36Ar)observed - (40A r/36A r)air] (8.1)
where 40Arna is the non-atmospheric component of 40Ar, 40Artotal and 36Artotal are the 
total observed amounts of 40Ar and 36Ar, and 40Arair is the atmosphere-derived 40Ar. 
The subscripts 'observed' and 'air' denote the observed and atmospheric 40Ar/36Ar 
ratios, respectively. It is stressed that this is a minimum amount of non-atmospheric 
40Ar, as it is assumed all the 36Ar is atmosphere-derived. This is a necessary 
assumption as the ^ A r/^ A r  ratio of the non-atmospheric endmember is not constrained 
and it is therefore not possible to use explicit mixing equations to deconvolve the 
contribution of the non-atmospheric component to the total observed 36Ar. However, it 
was suggested earlier that the non-atmospheric argon observed in the samples may in 
part reflect the presence of a MORB-like component with a 40Ar/36Ar ratio in excess of 
28,000. If so, the relatively low 40A r/36Ar ratios observed in the samples (<700) 
indicates that the assumption that all the 36Ar is atmosphere-derived is likely to be valid.
The non-atmospheric 40A rna is likely to be a mixture of radiogenic 40Ar 
produced in situ, and 'excess'40Ar derived from the decay of 40K within the earth prior 
to eruption. The following section attempts to calculate what proportion of the non-
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atmospheric 40Arna observed in the samples is likely to have been generated by the in 
situ decay of 40K within the samples since eruption.
On the basis of the decay constant, branching ratio and atomic abundance of the 
parent 40K, the amount of in situ radiogenic 40Ar generated within the samples can be 
estimated from
4°Arrad = 3.89 x 10-18 x [K] cm3STP g '1 a '1 (8.2)
where 40Arrad is the in situ radiogenic 40Ar and [K] is the concentration of K in ppm 
(M-g/g)-
It is now possible to assess whether or not the in situ production of radiogenic 
40Ar could account for the observed non-atmospheric 40Ar/36Ar ratios. Because the 
olivine samples from the Tonga-Kermadec Ridge and Vanuatu have 40Ar/36Ar ratios 
that are indistinguishable from atmospheric (Table 8.1.c), it is concluded that radiogenic 
production of in situ 40Ar has been negligible. These samples will therefore be excluded 
from the following discussion. Tables 8.2.a and 8.2.b lists the in situ radiogenic 40Arrad 
calculated from equation (8.2), assuming a K content of limiting 60 ppm in the New 
Zealand olivine and clinopyroxene samples, and 3500 ppm in the Havre Trough glass 
samples (see Section 7.4.1 for a discussion of these K contents). Note that because the 
assumed ages used in this calculation are maximum values (see Tables 7.2 and 7.3.b), 
the calculated amounts of radiogenic 40Arrad are also maximum values.
The calculated radiogenic 40Arrad that could be generated within the samples 
ranges from 4.6 x 10'12 cm3STP g*1 to 3.1 x 10'10 cm3STP g '1. In comparison, the 
amount of non-atmospheric 40Arna, calculated relative to the atmospheric argon 
composition, ranges from 6 x 10*10 cm3STP g*1 to 3070 x 10'10 cm3STP g '1. The last 
column in Tables 8.2.a and 8.2.b compares the maximum in situ radiogenic 40Arrad 
with the calculated amount of non-atmospheric 40Arna. For the majority of samples the 
ratio of 40Arrad/40Arna is considerably less than 5 percent, and usually less than 1 
percent. Thus, for these samples the in situ production of 40Arrad can account for only a 
small proportion of the observed non-atmospheric 40Arna. It is therefore concluded that 
in situ radiogenic decay of 40K could not have generated the observed non-atmospheric 
40Ar/36Ar ratios.
The notable exceptions are the two arc-related phenocrystic clinopyroxene 
samples from the Alexandra Volcanic Province (ANU# 88247 and 88248), in which the 
calculated in situ production of radiogenic 40Arrad accounts for about 15 and 30 percent 
of the non-atmospheric excess 40Arna. The relatively high calculated amount of 
radiogenic 40Arrad in these samples is due to their significant age (= 2.7 Ma). However, 
both these samples have near-atmospheric 40Ar/36Ar ratios of less than 312 (Table 
8.1.b), and therefore the presence of a component of radiogenic argon is of little 
significance.
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8.3.2. In situ nucleogenic 21 Ne
In the previous chapter, the amount of in situ radiogenic 4H e present in the samples was 
estimated on the basis of the uranium and thorium contents and the ages of the samples. 
Similarly, the local decay of U and Th will lead to the production of nucleogenic 21Ne, 
primarily through the reactions 180(a,n)21Ne and 24Mg(n,a)21Ne [Wetherill, 1954; 
Kyser and Rison, 1982]. The amount of in situ nucleogenic 21Ne can be easily 
calculated by assuming a 21N enucleogenic/4Heradiogenic production ratio of about 1 x 10‘7 
[Kyser and Rison, 1982]. This calculation also assumes that the production of 
nucleogenic 21Ne in the samples is independent of the U and Th content of the rock 
matrix surrounding the clinopyroxene and olivine samples (i.e. that thermal neutrons 
produced by the decay of U and Th outside the crystals do not contribute to the 
production of nucleogenic 21Ne within the crystals). The maximum amount of 
radiogenic 4He was estimated at 2.7 x 10’9 cm3STP g*1 in the 2.7 Ma old 
clinopyroxenes from the Alexandra Volcanic Province (Table 7.2). This corresponds to 
a maximum amount of in situ nucleogenic 21Ne of 2.7 x 10'16 cm3STP g*1. This value 
is about 370 times less than the minimum amount of 21Ne observed in the samples of 
about 1 x 10'13 cm3STP g '1 in a TVZ olivine sample (ANU# 88244c, Waimarino). 
Thus, it is clear that in situ nucleogenic 21Ne is negligible in all the samples and can not 
account for the observed non-atmospheric 21Ne/22Ne ratios.
8.3.3. In situ cosmogenic 21 Ne
The presence of cosmogenic 21Ne, generated by the interaction of cosmic-ray induced 
particles with the samples, has been documented previously [Marti and Craig, 1987; 
Staudacher and Allegre, 1991]. The other isotopes of neon, 20Ne and 22Ne, are also 
produced by spallation effects with 21Ne/22Ne and 20Ne/22Ne production ratios of 
approximately one [Bogard and Cressy, 1973]. Recalling that 21Ne is the least abundant 
neon isotope, and therefore the neon isotope for which cosmogenic production is most 
significant, the cosmogenic production of 20Ne and 22Ne can be shown to have a 
negligible effect upon the observed ^Ne/^Ne and 21Ne/22Ne ratios.
In the previous chapter, the production rate of cosmogenic 3He was estimated by 
assuming a sealevel production rate of 3.7 x 10'18 cm3STP g*1 a*1 and correcting each 
sample for altitude and overburden. The amount of cosmogenic 3He that could be 
produced in each sample was then determined by combining the estimated age with the 
relevant cosmogenic 3He production rate (Tables 7.4.a and 7.4.b). Because the 
cosmogenic 3He/2*Ne production ratio is estimated at 3.4 in clinopyroxene, and at 2.1 
in olivine by Marti and Craig [1987], it is a simple matter to estimate the relevant 
production of cosmogenic 21Ne in the samples from the estimated cosmogenic 3He 
production listed in Tables 7.4.a and 7.4.b. The 3He/21Ne production ratio in 
clinopyroxene is higher than that in olivine because of the lower magnesium content of 
clinopyroxene.
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Table 8.2.a. Comparison of the estimated maximum in situ radiogenic 40Ar with the 
calculated minimum non-atmospheric 40Ar observed in the arc-related New Zealand 
phenocrystic olivine and clinopyroxene samples, and intraplate phenocrystic and 
xenolithic olivine samples.
Location ANU# Age
(ka)
40Arnäd
(10-12)
^Arna ^A W ^A rna 
(10-1°) (%)
Taupo Volcanic Zone, phenocrystic olivine
Ongaroto 88242 100 23 31 (8) 0.74
Mahuia 88207 20 4.6 340 (11) 0.013
Pukeonake 88208 20 4.6 307 (23) 0.014
P.H.47 88209a 20 4.6 420(120) 0.01
P.H.47 90067a 20 4.6 427 (42) 0.01
Waimarino 88244a 20 4.6 1080 (76) 0.004
Waimarino 88244b 20 4.6 465 (200) 0.01
Waimarino 88244c 20 4.6 460 (240) 0.01
Taupo Volcanic Zone, phenocrystic clinopyroxene
Karangahape 88245 290 67 98(12) 0.68
Ohakune 88206 20 4.6 9 (5) 0.5
P.H.47 88209b 20 4.6 55(11) 0.08
Pukekaikiore 90064 15 3.4 46 (8) 0.07
Alexandra Volcanic Centre, Waikato, phenocrystic clinopyroxene
Kakepuku 88247 2,700 620 21 (6) 31
Te Kawa 88248 2,700 620 40 (9) 15
Northland Volcanic Province, intraplate phenocrystic olivine
Puketona 88228 570 130 20 (2) 6.5
Picadilly 88238 54 12 6(4) 2.0
Auckland Volcanic Province, intraplate phenocrystic olivine
Wiri 88265 28 6.4 140(10) 0.05
Crater Hill 88269 30 6.9 240 (60) 0.03
Otuatua 88280 30 6.9 81(10) 0.08
Puketutu 88282 77 17 545 (48) 0.03
Auckland Volcanic Province, intraplate xenolithic olivine
L. Pupuke 88276a 100 23 278 (13) 0.08
L. Pupuke 88276b 100 23 227 (23) 0.10
Ridge Rd. 88263 1,220 280 1,625 (77) 0.17
Stone Rd. 88283 1,360 310 3,070 (130) 0.10
Gas amounts in cm3STP g '1. 40Arracj denotes in situ radiogenic 40Ar, and 40Arna 
denotes calculated non-atmospheric 40Ar (see text for discussion and calculation of 
these values). Numbers in brackets list l a  uncertainty in the calculated 40Arna amounts. 
Quoted ages are as given in Table 7.2. Sample ANU# 90067b is excluded owing to an 
uncertainty of greater than 100 % in the measured 40Ar/36Ar ratio.
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Table 8.2.b. Comparison of the estimated maximum in situ radiogenic 40Ar with the 
calculated minimum non-atmospheric 40Ar observed in the Havre Trough back-arc 
basin basaltic glasses
Location ANU# Age
(ka)
40Arrad
(10-12)
40Arna ^Airad/^Arna 
(10-10) (%)
Havre Trough, submarine back-arc basin basaltic glasses
HT-l 90071 20 280 59 (7) 4.7
HT-2 90072 20 280 330 (8) 0.8
Gas amounts in cm3STP g_1. 40Arra(i denotes in situ radiogenic 40Ar, and 40Arna 
denotes calculated non-atmospheric 40Ar (see text for discussion and calculation of 
these values). Numbers in brackets list l c  uncertainty in the calculated 40Arna amounts. 
Quoted ages are as listed in Table 7.3.b.
173
In order to test whether the production of in situ cosmogenic 21Ne can account 
for the observed non-atmospheric 21Ne/22Ne ratios, it is necessary to determine the 
amount of non-atmospheric 21Ne that is present in the samples. By assuming all the 
22Ne is atmosphere-derived (a valid assumption because the 20Ne/22Ne ratios of the 
majority of samples are atmospheric), it is possible to calculate the minimum amount of 
non-atmospheric 21Ne from
2lNena = 21Net0tal - 21Neair
= 22Netotal [(21Ne/22Ne)0 - (21Ne/22Ne)a] (8.3)
where 21N ena is the non-atmospheric 21Ne, 21N etotal and 22N etotal are the total 
observed 21Ne and 22Ne amounts and 21Neair is the atmosphere-derived component of 
21Ne. The subscripts 'o' and 'a' denote the observed and atmospheric 21Ne/22Ne 
ratios. It is stressed that this calculation yields a minimum amount of non-atmospheric 
21Ne as it is assumed all the 22Ne is atmosphere-derived.
On the basis of the calculated amounts of cosmogenic 3 He listed in Tables 7.4.a 
and 7.4.b the estimated maximum cosmogenic 21Ne (denoted as 21Nec) that could have 
been produced in the samples which have non-atmospheric 21Ne/22Ne ratios is listed in 
Table 8.3. For the Alexandra clinopyroxene sample ANU# 88248 and the intraplate 
phenocrystic sample ANU# 88280, for which the calculated cosmogenic 3He was 
greater than the total observed 3He, the maximum amount of cosmogenic 21Nec is 
calculated using the total observed 3He. The final column of Table 8.3 compares the 
estimated amount of cosmogenic 21Nec with the amount of non-atmospheric 21Nena. It 
is stressed that because the calculated amount of cosmogenic 21Ne is a maximum, and 
the calculated amount of non-atmospheric 21Ne is a minimum, the listed 21Nec/21Nena 
ratios are maximum values.
Table 8.3 shows that spallation processes could generate between 2.3 x 10'16 
and 790 x 10‘16 cm3STP g '1 of cosmogenic 21Nec in the samples. In comparison, the 
amount of non-atmospheric 21Nena observed in the samples ranges between 80 x 10‘16 
and 2780 x 10*16 cm3STP g_1. Two important observations can be made. First, for all 
five of the samples in Table 8.3 which plot along the MORB-trend in the neon three 
isotope plot (ANU# 88209a, 90067b, 88244a, 88244c, 88283; Figs. 8.2.a and 8.2.b), 
the production of cosmogenic 21Nec accounts for less than 15 percent of the observed 
non-atmospheric 21Nena. Thus, for these samples, production of cosmogenic 21Nec can 
not account for the observed non-atmospheric 21N e/22Ne ratios. It is therefore 
concluded that the apparent MORB-like neon isotopic ratios of these five samples are 
likely to be real.
In contrast, for three of the five samples which have elevated 21Ne/22Ne ratios 
and plot below the MORB-trend in the neon three isotope plot (ANU# 88247, 88248, 
88280: Figs. 8.2.a and 8.2.b), the calculated amount of cosmogenic 21Nec is greater
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Table 8.3. Comparison of maximum cosmogenic 21Ne based on the calculated 
maximum cosmogenic 3He in the samples as listed in Table 7.4 with the non- 
atmospheric 21Ne in those samples considered to have non-atmospheric neon isotopic 
compositions.
Location ANU# 3Hec
(1 0 16)
21Nec
( 1 0 16)
21Nena 21Nec/21Nena 
(10-14) (%)
Taupo Volcanic Zone, phenocrystic olivine
Pukeonake 88208 2,400 1,140 28 (1) 41
P.H.47 88209a 5 2.3 1.2 (6) 1.9
P.H.47 90067b 5 2.3 2 (1) 1.1
Waimarino 88244b 30 14 1.1 (6) 13
Waimarino 88244c 30 14 1.1 (5) 13
Alexandra Volcanic Centre, phenocrystic clinopyroxene
Kakepuku 88247 2,700 790 6 (1) 132
Te Kawa 88248* 4,020 1,180 4 (2) 295
Auckland Volcanic Province, intraplate phenocrystic olivine
Crater Hill 88269 87 41 2.3 (5) 18
Otuatua 88280* 1,000 480 0.8 (6) 600
Auckland Volcanic Province, intraplate xenolithic olivine
Stone Rd. 88283 200 95 6.8 (7) 14
Gas abundances in cm3STP g_1. 3Hec is the calculated maximum cosmogenic 3He as 
listed in Table 7.4, except for samples indicated by * where the total 3He in the sample 
is listed (see text for discussion). 21Nec indicates the estimated maximum cosmogenic 
21Ne calculated from 3Hec assuming a cosmogenic 3He/21Ne production rate of 2.1 for 
olivine and 3.4 for clinopyroxene [Marti and Craig, 1987]. 21Nena indicates the non- 
atmospheric 21Ne calculated with respect to the atmospheric 21Ne/22Ne ratio using 
equation (8.3). Numbers in brackets list l a  uncertainty in last quoted digits.
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than the observed non-atmospheric 21Nena, i.e. 21Nec/21Nena is greater than 100 
percent. Although this means that the amount of cosmogenic 21Nec has been 
overestimated, it indicates that production of cosmogenic 21Nec can account for the 
observed non-atmospheric 21Ne/22Ne ratios of these samples. Importantly, these three 
samples were previously identified as having 3He/4He ratios that are greater than the 
MORB value of 12 x 10'6, attributed to the production of cosmogenic 3He (Section 
7.4.2). It is therefore suggested that the non-atmospheric 21Ne/22Ne ratios in these 
samples are the result of the addition of cosmogenic 21Ne. The relationship between the 
cosmogenic 3 He and 21Ne in these three samples is discussed in more detail below.
(i) Cosmogenic 21 Ne and 3He in ANU# 88247, 88248 and 88280 
As stated above, the high 21Ne/22Ne and 3 He/4 He ratios of these three samples can be 
accounted for by the production of in situ cosmogenic 21Ne and 3He. If this 
interpretation is correct, then the amounts of cosmogenic 21 Ne and 3 He in the samples 
should be present in proportions similar to the 3H e^N e cosmogenic production ratios 
of 3.4 for clinopyroxene and 2.1 for olivine as determined by Marti and Craig [1987]. 
The following section therefore attempts to test the suggestion of a cosmogenic origin 
for the high 21Ne/22Ne and 3 He/4 He ratios of these samples by directly estimating the 
relative amounts of cosmogenic 21Ne and 3 He in the samples, and comparing this ratio 
with the known cosmogenic production ratios.
By assuming initial values for the 21Ne/22Ne and 3He/4He ratios of the gases 
trapped in the samples at eruption, it is possible to calculate the amount of cosmogenic 
21Ne and 3 He required to account for the present-day 21Ne/22Ne and 3He/4He ratios 
observed in the samples. Because many of the samples measured in this study have 
atmospheric 21Ne/22Ne ratios, and 20Ne/22Ne ratios near or indistinguishable from 
atmospheric, it seems reasonable to assume that the most likely value for the initial 
21Ne/22Ne ratios of these three samples was also atmospheric. On the basis of this 
assumption, the non-atmospheric 21Nena defined in equation (8.3) gives an estimate of 
the amount of cosmogenic 21Ne in these three samples.
Similarly, it was argued in the previous chapter that the helium observed in the 
samples which have not been affected by cosmogenic production of 3He can be 
explained by mixing of helium derived from a MORB-like mantle source, and
radiogenic 4He probably derived from the crust. On this basis it seems reasonable to
assume that a MORB-like value of 12 x 10'6 is likely to be the maximum value for the 
3He/4He ratios of the samples at eruption. By further assuming that all the 4He is 
mantle-derived, the amount of cosmogenic 3He in the samples can be estimated from
3Heex = 3Het - 3Hem
= 4Het [(3He/4He)0 - (3He/4He)m] (8.4)
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where 3Heex is the calculated ’excess' component of 3He relative to the MORB 3He/4He 
ratio and assumed to be cosmogenic in origin. The subscript 'ex' is used here so as to 
avoid confusion with the theoretical amount of cosmogenic 3He calculated on the basis 
of the assumed production rate and age of the samples and denoted by 3Hec in Table 
8.3. 3Het and 4Het are the total observed 3He and 4He amounts, and 3Hem is the 3He 
component derived from a mantle source having a MORB-like 3He/4He ratio. The 
subscripts 'o' and'm' denote the observed and MORB helium isotopic ratios.
Table 8.4 presents the amounts of excess 3Heex and non-atmospheric 21Nena in 
the Alexandra clinopyroxenes (ANU# 88247, 88248) and the intraplate phenocrystic 
olivine from Auckland (ANU# 88280), which were calculated using equations (8.3) 
and (8.4). The amounts of 3Heex and 21N ena relative to the assumed MORB and 
atmospheric compositions, are in the range of 0.8 x 10*14 to 2 x 10'13 cm3STP g'1. The 
ratios of excess 3Heex to non-atmospheric 21Nena (be. ^ H e e ^ ^ e ^ ) are 3.2 ± 0.6 and
3.0 ± 0.6 for the two Alexandra clinopyroxenes, and 5.4 ± 4.4 for the intraplate 
phenocrystic olivine sample. Within the uncertainties of the calculations, these values 
are the same as the 3He/21Ne cosmogenic production ratios of 3.4 in clinopyroxene and
2.1 in olivine determined by Marti and Craig [1987].
Two important implications can be drawn from the similarity between the 
calculated ratios of excess 3Heex to non-atmospheric 21Nena and the cosmogenic 
production ratios. First, it strongly supports a cosmogenic origin for both the high 
3He/4He and 21Ne/22Ne ratios in these three samples. Second, because of the internal 
consistency of the calculations presented in Table 8.4, the assumptions made in 
calculating the excess 3He and 21Ne are likely to be valid. It is therefore considered that 
the non-atmospheric 21Ne/22Ne ratios in these three samples are the result of the 
production of in situ cosmogenic 21Ne.
(ii) ANU# 88208 and 88269
In the previous section it was shown that cosmogenic production of 21Ne can account 
for the high 21Ne/22Ne ratios observed in three of the Five samples which have elevated 
21N e/22Ne ratios and plot below the MORB-trend in a neon three isotope plot (Figs. 
8.2.a and 8.2.b). However, the high 21Ne/22Ne ratios of the other two samples which 
fall in this 'below-MORB' group, a TVZ olivine (ANU# 88208) and an intraplate 
olivine (ANU# 88269), are more difficult to explain.
Table 8.3 shows that the calculated amount of cosmogenic 21Nec in ANU# 
88208 is about 40 percent of the observed non-atmospheric 21Nena* However, this 
sample has the lowest observed 3He/4He ratio of all the samples (3He/4He = 1.92 ± 
0.05 x 10'6). Such a low 3He/4He ratio seems difficult to reconcile with the high 
21Ne/22Ne ratio of this sample (0.0473 ± 0.0006, or § 2 1  = +51 ± 2 %) if the non- 
atmospheric 21Nena is cosmogenic in origin. In the case of ANU# 88269, cosmogenic 
production can only account for 18 percent of the observed non-atmospheric 21Nena
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Table 8.4. Estimation of excess 3He and non-atmospheric 21Ne in the three samples 
interpreted to have significant cosmogenic 3 He and 21Ne, calculated relative to the 
MORB helium and atmospheric neon isotopic compositions.
Location ANU# 3Heex
(10-14)
21Nera
( 1 0 14)
SHeex/^Nena (3He/21Ne)c
Alexandra Volcanic Centre, phenocrystic clinopyroxene
Kakepuku 88247 19.0 (15) 5.9 (11) 3.2 (6) 3.4
Te Kawa 88248 12.0 (10) 4.0 (17) 3.0 (6) 3.4
Auckland Volcanic Province, intraplate phenocrystic olivine
Otuatua 88280 4.7 (4) 0.8 (6) 5.8 (44) 2.1
Gas amounts in cm3STP g-1. 3Heex is the 'excess' 3 He relative to the MORB 3He/4He 
ratio of 12 x 10’6 calculated from equation (8.4), and 21Nena is the non-atmospheric 
21Ne relative to the atmospheric 21Ne/22Ne ratio of 0.029 calculated from equation 
(8.3). (3He/21Ne)c is the cosmogenic production ratio as determined by Marti and 
Craig [1987]. Numbers in brackets list l a  uncertainties in last quoted digits.
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(Table 8.3). It is therefore considered that although cosmogenic 21Ne may be present in 
these samples, the high 21Ne/22Ne ratios can not be accounted for by cosmogenic 
production of 21 Ne.
Another possible explanation is that the high 21Ne/22Ne ratios of these samples 
reflect a neon component rich in nucleogenic 21Ne derived from a source within the 
earth which has a high 21Ne/22Ne ratio. Such an explanation would be consistent with 
the observed low 3He/4He ratio in ANU# 88208 because the addition of nucleogenic 
21Ne would be accompanied by the addition of radiogenic 4He in a 21Ne/4He ratio of 
about 1 x 10'7 [Kyser and Rison, 1982]. This explanation can be tested by comparing 
the 21Ne/4He production ratio with the ratio of non-atmospheric 21N ena to total 
observed 4He (i.e. 21Nena/4Hetotal)- The 21Nena/4Hetotal ratios of ANU# 88208 and 
88269 are 104 (±6) x 10'7 and 6 (±1) x 10"7 respectively. Because these values are 
significantly higher than the 21Ne/4He production ratio of 1 x 10'7, which is believed to 
be constant within the earth irrespective of composition [Kyser and Rison, 1982; 
Kennedy et al., 1990], the suggestion that the non-atmospheric 21Nena is nucleogenic in 
origin requires there to have been a significant loss of helium with respect to neon in 
these samples.
However, the ratio of total 4He to non-atmospheric 40Arna (i.e. 4He/40Arna, 
where 40Arna is calculated from equation (8.1) and is tabulated in Table 8.2.a) in these 
samples is within a factor of two of the 4He/40Ar production ratio of between 1.6 and 
4.4 [Patterson et al., 1990], suggesting that there has been little fractionation of helium 
with respect to argon. On this basis it seems unlikely that helium has been depleted with 
respect to neon. A nucleogenic origin for the non-atmospheric 21Nena in these samples 
is therefore considered unlikely.
Given that both cosmogenic and nucleogenic production seem unlikely to have 
generated the non-atmospheric 21Ne component observed in these two samples, the 
only other plausible explanation is that the results reflect some unrecognised 
experimental problem. At the present time, these results are considered 'anomalous' and 
will be excluded from the following discussions of the neon isotopic data.
8.3.4. In situ argon and neon: summary
Although the production of in situ^QAr and 21Ne from radiogenic, nucleogenic and 
cosmogenic processes has the potential to increase the observed 40Ar/36Ar and 
21N e/22Ne ratios in the samples, it has been shown that in situ argon and neon 
components are likely to be insignificant in the five samples which have neon isotopic 
ratios that plot along a trend similar to the MORB glasses in a neon three isotope plot 
(Figs. 8.2.a and 8.2.b). In situ nucleogenic 21Ne is negligible in all the samples.
In contrast, in three of the five samples which plot below the MORB-trend in 
Figs. 8.2.a. and 8.2.b, production of cosmogenic 21Ne is likely to account for the 
observed non-atmospheric 21Ne/22Ne. These are the two phenocrystic clinopyroxene
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samples from the Alexandra Volcanic Province (ANU# 88247, Kakepuku, and 88248 
Te Kawa), and an intraplate phenocrystic olivine sample from the Auckland Volcanic 
Prcvince (ANU# 88280, Otuatua). Importantly, all three of these samples have high 
3He/4He ratios attributed to the production of cosmogenic 3He. By assuming the initial 
3H?/4He ratios to be MORB-like (12 x 10*6), and the initial 21Ne/22Ne ratios to be 
atmospheric (0.0290), the absolute amounts of excess 3He and non-atmospheric 21Ne 
in these samples were calculated. The ratio of excess 3He to non-atmospheric 21Ne was 
observed to be the same as the ^H e/^N e cosmogenic production ratio determined by 
Marti and Craig [1987]. This strongly supports the interpretation of a cosmogenic origin 
for the high 3He/4He and 21Ne/22Ne ratios observed in these samples. On the basis of 
internal consistency this further suggests that the assumption of initially MORB-like 
3He/4He and atmospheric 21Ne/22Ne ratios is valid. In addition, the remaining two 
samples which plot below the MORB-trend in Figs. 8.2.a and 8.2.b, ANU# 88208 and 
88269, have anomalously high 21Ne/22Ne ratios which can not be explained in any 
reasonable fashion. The neon results for these two samples are therefore excluded from 
the following discussion of the neon isotopic data.
Thus, it appears that the five samples which plot below the MORB-trend in the 
20\Je/22Ne versus 21N e/22Ne plot, can either be accounted for by cosmogenic 
production of 21Ne, or are 'anomalous' and considered unreliable. By excluding these 
five samples (ANU# 88247, 88248, 88280, 88269, and 88208) from Figs. 8.2.a and 
8.2.b, we are left with a single trend from atmospheric neon isotopic compositions 
towards higher 20Ne/22Ne and 21Ne/22Ne ratios along a trend similar to that defined for 
MORB glasses.
8.4. Non-atmospheric Neon and Argon
8,4.1, Introduction
It has been shown in this chapter that some of the samples contain a non-atmospheric 
component of neon which can not be accounted for by in situ cosmogenic or 
nucleogenic processes. Similarly, some of the samples also contain a non-atmospheric 
component of argon which can not be accounted for by in situ radiogenic processes. A 
question of fundamental importance is the origin of this non-atmospheric 40Ar and 
21Ne.
In this regard it is important to note that there is a correlation between the neon 
and argon isotopic results. Figure 8.4 presents a plot of 40Ar/36Ar versus 21Ne/22Ne 
which shows that the majority of data define a broad trend from atmospheric 
compositions towards higher 40Ar/36Ar and 21Ne/22Ne ratios. In contrast, the samples 
which have high 21Ne/22Ne ratios, owing to the production of cosmogenic 21Ne, have 
near atmospheric 40Ar/36Ar ratios, and plot well to the right of the trend defined by the
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Figure 8.4. 40Ar/36Ar versus 21Ne/22Ne plot for olivine and clinopyroxene samples 
from New Zealand, Vanuatu, Tonga-Kermadec Ridge, and in basaltic glasses from 
Havre Trough back-arc basin. Error bars show lo  uncertainties. The arrow labelled 
'cosmo.' indicates the effect of addition of cosmogenic 21Ne to a sample having an 
initially atmospheric 40Ar/36Ar and 21Ne/22Ne composition. The dashed lines labelled 
'a' and 'b' indicate the mixing trends between atmosphere and a non-atmospheric 
components comprising pure radiogenic 40Ar and nucleogenic 21Ne with ^ A r /^ N e  
ratios of 6.2 x 106 and 2.3 x 106 respectively. See text for the derivation of these 
40Ar/21Ne ratios. Subduction-related samples: Taupo Volcanic Zone olivine - large open 
circles, Taupo Volcanic Zone clinopyroxene - solid circles, Tonga - Kermadec Ridge 
olivine - open squares, Alexandra Volcanic Centre clinopyroxene - solid squares, 
Vanuatu Arc olivine - dotted squares. Havre Tough back-arc basin basaltic glasses - 
open triangles. Intraplate samples from Northland and Auckland Volcanic Provinces: 
phenocrystic olivine - small open circles, xenolithic olivine - crosses.
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rest of the data. The arrow labelled 'cosmo.' indicates the effect of addition of 
cosmogenic 21Ne to a sample having initially atmospheric 21Ne/22Ne and 40Ar/36Ar 
ratios. Excluding the samples affected by cosmogenic production of 21Ne, it is argued 
that the linear correlation in Fig. 8.4 can be interpreted as indicating mixing between a 
dominant atmospheric component and a non-atmospheric component characterised by 
high 21Ne/22Ne and 40Ar/36Ar ratios.
This suggestion can be tested by comparing the data in Fig. 8.4 with the 
theoretical trends for mixing of atmosphere with a non-atmospheric component 
comprising pure radiogenic 40Ar and nucleogenic 21Ne. The 40Ar/21Ne ratio of the non- 
atmospheric component can be estimated assuming the 4He/21Ne production ratio, the 
K/U and Th/U ratios, and the integration time for production of radiogenic 40Ar and 
nucleogenic 21Ne. By assuming a K/U ratio of 12,000 and a Th/U ratio of 3 [Jochum et 
al., 1983; Rison and Craig, 1983; Staudigel et al., 1984], a 4He/21Ne production ratio 
of 1 x 10 7 [Kyser and Rison, 1982], and an integration time of 4.5 Ga, a 40Ar/21Ne 
ratio of 6.2 x 106 is obtained. The mixing line that results from mixing of a non- 
atmospheric component having this 40Ar/21Ne ratio with atmosphere is shown in Fig. 
8.4 by the dashed line labelled 'a'. A lternatively, by assuming present-day 
instantaneous production (i.e. an integration interval of zero) a lower 40Ar/21Ne ratio of 
2.3 x 106 is obtained using the same values for K/U, Th/U and 4He/21Ne. The mixing 
line that results from mixing atmosphere with a non-atmospheric component with this 
40Ar/21Ne ratio is shown in Fig. 8.4 by the dashed line labelled 'b'. Although there is 
some scatter of the data, Fig. 8.4 clearly shows that as a first order approximation the 
variation in the observed 40Ar/36Ar and 21Ne/22Ne ratios is consistent with mixing of a 
dominant atmospheric component and a non-atmospheric component comprising 
radiogenic 40Ar and nucleogenic 21Ne. It is therefore reasonable to conclude that the 
non-atmospheric 21 Ne and 40Ar were generated within the earth over geological time by 
nucleogenic and radiogenic processes.
8.4.2. Non-atmospheric neon
It has previously been shown that the 4He observed in the samples can be reasonably 
assumed to be radiogenic and, with the exception of the samples affected by the 
spallation production of cosm ogenic 21Ne, the non-atmospheric 21Ne to be 
nucleogenic. Because the production ratio of radiogenic 4He to 21Ne is believed to be 
relatively constant irrespective of composition [Kyser and Rison, 1982; Kennedy et al., 
1990], it follows that the nucleogenic 21Ne and radiogenic 4He observed in the samples 
are likely to share a common origin. In Chapter 7 it was argued that the 4He in the 
samples appeared to be derived from two different sources: a MORB-like mantle source 
and a radiogenic rich crustal source. The question that will now be addressed is whether 
or not it is possible to identify a crustal and mantle component in the non-atmospheric 
21Ne.
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In Chapter 7 it was shown that is possible to calculate the relative proportions of 
4He derived from the mantle and crust because of two characteristics that are unique to 
helium. First, (i) *3He is considered to be primordial and mantle-derived, and can therefore 
be used to constrain the amount of mantle-derived helium. Second, the helium isotopic 
ratio of the mantle-derived component can be reasonably assumed to be MORB-like 
(3He/4 *He = 12 x 10'6), allowing the amount of 4He derived from the MORB-like 
mantle source, and from the crust, to be calculated. Similarly, in order to identify what 
proportion of the non-atmospheric 21 Ne is derived from the mantle and crust, it is 
necessary to constrain the amount of mantle-derived neon and the neon isotopic 
composition of the mantle source. However, because of the significant atmosphere-like 
component of neon, the calculation is more complicated than for helium. As discussed 
in Chapter 4, Honda et al. [1991] argued that neon in terrestrial samples is a mixture of 
primordial solar, atmospheric and nucleogenic neon, and because the neon isotopic 
composition of these components is reasonably well known, it possible to calculate the 
relative contributions of each of these components.
Note however, that in the deconvolution of Honda et al. [1991] it is the 
20Ne/22Ne ratio that is used to constrain the relative proportions of the atmospheric and 
mantle-derived components. Thus, the observed ^ N e /^ N e  ratio must be clearly non- 
atmospheric in order determine the amount of mantle-derived neon (i.e. the non- 
atmospheric mantle-derived component must be large enough to result in an observable 
non-atmospheric 2ÖNe/22Ne ratio in the sample). As already stated, the majority of 
samples have 20Ne/22Ne ratios that are indistinguishable from atmospheric at the l a  
uncertainty level. It is therefore not possible to use such an approach to deconvolve the 
amount of mantle-derived neon in the samples. The exception is the Stone Road 
xenolithic olivine sample (ANU# 88283) which shows a distinctly non-atmospheric 
20Ne/22Ne ratio. The following section deconvolves the relative contributions of 
atmospheric, solar and nucleogenic neon in this sample.
(i) Stone Road xenolith (ANU# 88283)
The neon composition of of the Stone Road xenolithic olivine sample lies on the MORB
correlation line in a neon three isotope plot (Figs. 8.2.a and 8.2.b), and also has a near
MORB-like 3H e/4He isotopic ratio of 9.14 ± 0.24 x 10*6 (Table 8 .I.e). This is
consistent with a helium and neon component derived from a MORB-like mantle source 
with a relatively small contribution from the crust. Thus it is concluded that the
contribution of crustal-derived nucleogenic 21Ne to this sample is too small to produce a 
detectable change in the neon isotopic composition. By knowing or assuming the neon 
isotopic compositions of the atmosphere, solar and nucleogenic endmembers, it is 
possible to deconvolve the relative contribution of each component from the following 
simple three-endmember mixing equation [Honda et al., 1991]
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(iNe/22Ne)observed = /:(iNe/22Ne)air + /(iNe/22Ne)nucleogenic + An(iNe/22Ne)S0lar (8.5)
where k, l and m are the fractional contributions of each endmember to the reference 
isotope 22Ne, k + / + m = 1 and *Ne = 20Ne or 21Ne. Table 8.5 presents the results of 
such deconvolution for the Stone Road xenolithic olivine sample.
It is shown in Table 8.5 that even in this sample, which is the only example to 
show a clearly non-atmospheric 20Ne/22Ne ratio, the atmospheric component accounts 
for 86 percent of the reference isotope 22Ne. In contrast, the nucleogenic component is 
less than 0.01 percent of the total 22Ne. However, because of the very high 21Ne/22Ne 
ratio of the nucleogenic endmember, the nucleogenic component accounts for 9.8 
percent of the total 21Ne. Furthermore, the calculated 21Nen/4 *He ratio of 1.89 (±0.45) x 
10-7 is similar to the estimated production ratio of 1 x 10*7, consistent with a 
nucleogenic origin for the non-atmospheric 21Ne in this sample. Thus, the non- 
atmospheric neon ratios observed in this sample are considered to represent a 
component of neon derived from a MORB-like mantle source. This is an important 
observation as it is consistent with suggestion of a MORB-like helium component in the 
samples.
8.4.3. Non-atmospheric argon
Because a primary goal of this study is to attempt to constrain the movement of noble 
gases in subduction environments, it is important to identify the relative importance of 
the various sources of the noble gases in the samples. In the previous chapter it was 
shown that it is possible to deconvolve the relative contributions from the mantle and 
crust to the total 4He in the samples. Argon is more complex than helium owing to the 
presence of a significant atmospheric component. Although there are three argon 
isotopes, 36Ar, 38Ar and 40Ar, the ratio of 38Ar to 36Ar does not vary in natural 
samples except where isotopic fractionation has occurred. Thus, in terms of isotopic 
systematics, argon is effectively a two-isotope system with one isotopic ratio of interest, 
40Ar/36Ar. As a result it is not possible to deconvolve mixing of three or more argon 
components. However, the following section argues that by combining the helium and 
argon results, it is possible to calculate the relative contributions of mantle, crustal and 
atmospheric 40Ar to the total40Ar observed in the samples.
(i) Deconvolution of total 40Ar
The following section presents the equations used to deconvolve the relative
contributions of mantle, crustal and atmospheric 40Ar. A full derivation of these
equations is presented in Appendix 8. Excluding the possibility of in situ radiogenic
40Ar (as discussed previously), the to tal40Ar in the samples can be expressed as
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Table 8.5. Three endmember deconvolution of neon in sample ANU# 88283
Relative proportions o f atmospheric, solar, and nucleogenic 22 Ne in ANU# 88283
k = 22Neair / 22N e observed = 0.860 (±0.024)
l =  2 2 N eso lar  /  ^^N eobserved = 0.140 (±0.024)
m =  2 2 N e nucieogenic /  ‘‘"^Neobserved A o
Nucleogenic 21Nen and the 21Nen/4He ratio
21Ne„ = 0.098 x 21Neobserved
(21 Nen/4He) observed 
(2lNen/4He)prcKjuciion ratio
6.07 (±1.43) x IO'14 
1.89 (±0.45) x 10'7 
1 x 10-7
Endmember neon isotopic compositions
Atmosphere
20Ne/22Ne 9.8
21Ne/22Ne 0.0290
Solar
13.6
0.032
Nucleogenic
2.5
32.5
Abundance of nucleogenic 21Nen in cm3 STP g_1. 21Nen/4He production ratio from 
Kyser and Rison [1982]; atmosphere and solar neon isotopic compositions from Ozima 
and Podosek [1983] and references therein, and nucleogenic neon isotopic composition 
from Kyser and Rison [1982].
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( 8 . 6 )
40 Art = 40Ara + 40Arna
= 40Ara + 40Arm + 40Arc
where 40Art is total 40Ar, 40Arna is the total non-atmospheric 40Ar (calculated relative to 
the atmospheric 40Ar/36Ar ratio as defined in equation (8.1)) and 40Ara, 40Arm and 
40Arc are the contributions from atmosphere, MORB-mantle, and crustal-derived 40Ar, 
respectively. The relative contribution of each of these components can therefore be 
defined by
40Ara/40Art + 40Arm/40Art + 40Arc/40Art = 1 (8.7)
It has been previously assumed that all the 36Ar is atmosphere-derived. Because it is 
believed that the mantle-derived component of argon is MORB-like, and therefore is 
likely to have a 40Ar/36Ar ratio in excess of 25,000, this is a reasonable assumption 
given the generally atmosphere-like 40Ar/36Ar ratios of the samples. By assuming all 
the 36Ar is atmosphere-derived (i.e. 36Art = 36Ara), the relative contribution of the three 
components can be expressed as
40Ara/40Art = (40Ar/36Ar)a(36Ar/40Ar)o (8.8)
40Arm/40Art = [1 - (^A r/^A rU ^A r/^A O o ] C ^ A W ^ A W  (8.9)
40Arc/40Art = [1 - (40Ar/36Ar)a(36Ar/40Ar)o] [1 - (^Arm/^Arna)] (8.10)
where the subscripts 'o' and 'a' denote the observed 40A r/36Ar and atmospheric 
36Ar/40Ar ratios, respectively. As discussed previously, it is not possible to constrain 
the relative proportions of mantle and crustal 40Ar, i.e. it is not possible to determine the 
value of 40Arm/40Arna on the basis of the argon data. However, in the previous chapter 
it was shown that by assuming all the 3He is derived from a MORB-like mantle source
with a 3He/4He ratio of 12 x 10'6 it is possible to determine the ratio of mantle-derived
to 4He to total 4He from
4Hem/4Het = (4He/3He)m (3He/4He)0 (8.11)
where 4Het and 4Hem are the total and mantle-derived 4He, and the subscripts'm ' and 
'o' denote the MORB 4He/3He and observed 3He/4He ratios respectively. By making 
the assumption that the ratio of mantle 40Arm to non-atmospheric 40Arna is the same as 
the ratio of mantle 4Hem to total 4Het, i.e.
40Arm/40Arna = 4Hem/4Het (8.12)
the relative contributions of the crustal and mantle-derived 40Ar can be written as
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40Arm/40Art = [1 - (40Ar/36Ar)a(36Ar/40Ar)o] (4He/3He)m(3He/4He)0 (8.13)
40Arc/40Art = [1 - (40Ar/36Ar)a(36Ar/40Ar)o] [1 - (4He/3He)m(3He/4He)0] (8.14)
Note that the (4He/3He)m(3He/4He)0 term in equations (8.13) and (8.14) is the same as 
the 4Hem/4Het ratio listed in Table 7.6. There are a number of important assumptions 
made in this derivation. First, it is assumed that all the 3He is primordial and mantle- 
derived, and that the mantle component has a MORB-like 3He/4He ratio of 12 x 10'6. 
The validity of these assumptions was discussed in the previous chapter. Second, it is 
assumed that the radiogenic production of in situ 40Ar and 4He is negligible. Finally, it 
is assumed that all the 36Ar is atmosphere-derived. This is a necessary assumption as it 
is not possible to explicitly calculate the amount of non-atmospheric 36Ar in the 
samples. The relative contribution of the atmosphere-derived component, 40Ara/40Art, 
must be therefore be considered a maximum value.
Table 8.6 presents the results of this calculation for the samples which have non- 
atmospheric 40Ar/36Ar ratios. The dominance of the atmospheric component is clearly 
apparent, accounting for between about 50 and 100 percent of the total 40Ar in the 
samples. Of the non-atmospheric components, 40Ar derived from the assumed MORB- 
like mantle source generally dominates. This is shown graphically in Fig. 8.5 which 
presents a ternary plot of 40Ara/40Art, 40Arm/40Art and 40Arc/40Art. Overall the data 
plot towards the atmospheric apex of the diagram, with the non-atmospheric samples 
trending away towards the MORB-like mantle pole. It is stressed that the data presented 
in Table 8.6 and Fig. 8.5 are simply an alternative expression of the observed 40Ar/36Ar 
and 3He/4He ratios, manipulated to highlight the relative contributions of the assumed 
endmembers to total40Ar.
It is possible to perform a similar calculation for 21Ne. In theory, because the 
21Ne/4He production ratio is believed to be a constant at about 1 x 10'7 throughout 
geological time in both the crust and mantle [Kyser and Rison, 1982], the calculation 
for neon would be more strongly constrained than the calculation for 40Ar presented 
above. However, because the majority of samples have 21Ne/22Ne ratios that are 
effectively atmospheric, and because the measured non-atmospheric 2 iNe/22Ne ratios 
have much larger uncertainties than the 40Ar/36Ar ratios, such a calculation serves little 
purpose.
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Table 8.6. Relative contribution of atmospheric, MORB-mantle, and crustal-derived 
40Ar components to total observed 40Ar
Location ANU# 40Ara/40Art
(%)
40Arm/40Art
(%)
"OArc/^Ari
(%)
Taupo Volcanic Zone, phenocrystic olivine
Ongaroto 88242 97.8 (7) 1.4 (4) 0.8 (3)
Mahuia 88207 84.9 (5) 11.7 (4) 3.4(1)
Pukeonake 88208 89.0 (8) 1.8 (1) 9.2 (7)
P.H.47 88209a 50 (5) 37 (4) 13 (2)
P.H.47 90067a 60 (2) 28 (2) 12 (1)
Waimarino 88244a 78 (1) 16 (1) 6 (1)
Waimarino 88244b 56 (9) 33 (7) 11 (2)
Waimarino 88244c 45 (9) 37 (6) 18 (3)
Taupo Volcanic Zone, phenocrystic clinopyroxene
Ohakune 88206 98.5 (9) 0.8 (6) 0.7 (5)
P.H.47 88209b 95.0 (9) 2.9 (15) 2.1 (14)
Northland Volcanic Province, phenocrystic olivine
Picadilly 88228 89.5 (8) 9.0 (7) 1.5 (2)
Puketona 88238 97 (2) 3 (1) 1.0 (6)
Auckland Volcanic Province, phenocrystic olivine
Wiri 88265 71.2 (5) 22.5 (7) 6.3 (6)
Crater Hill 88269 73 (4) 22.5 (30) 4.5 (8)
Puketutu 88282 42 (2) 54 (2) 4 (2)
Auckland Volcanic Province, xenolithic olivine
L. Pupuke 88276a 57.3 (7) 35.0 (9) 7.7 (9)
L. Pupuke 88276b 47 (6) 53 (6) 0 (6)
Ridge Rd. 88263 50 (2) 33 (2) 17 (2)
Stone Rd. 88283 48.5 (3) 39 (3) 12.5 (10)
Havre Trough, back-arc basin basaltic glasses
HT-1 90071 83.7 (14) 8.8 (9) 7.5 (8)
HT-2 90072 97.2 (6) 2.1 (5) 0.7 (1)
40Art is the to ta l40Ar, 40Ara, 40Arm and 40Arc are the atmospheric, MORB-mantle, and 
crustal derived 40Ar, respectively. Assumed input parameters are the MORB 3He/4He 
ratio of 12 x 10*6, and the atmospheric 40Ar/36Ar ratio of 295.5. See text for discussion 
of calculation. Numbers in brackets list la  uncertainty in last quoted digits. Table 
excludes the oceanic phenocrystic olivine samples from Vanuatu and the Tonga- 
Kermadec Ridge which have 40A r/36Ar ratios that are indistinguishable from 
atmospheric (i.e. 40Ara/40Art = 100%), the five New Zealand samples affected by 
cosmogenic production of 3He, and the TVZ olivine (ANU# 90067b) which has an 
uncertainty of greater than 100 % in its measured 40Ar/36Ar ratio.
188
4 0 A r a /  4 0 A r t
4 0 A r m /  4 0 A r , 4 ° A r c  /  4 0 Art
Figure 8.5. Ternary plot showing the relative percentages of atmosphere, MORB- 
mantle, and crustal derived 40Ar in samples showing non-atmospheric 40Ar/36Ar ratios 
as listed in Table 8.6. Errors not shown for clarity. New Zealand subduction-related 
samples: Taupo Volcanic Zone olivine - open circles, Taupo Volcanic Zone 
clinopyroxene - solid circles. Havre Trough back-arc basin basaltic glasses - open 
triangles. Intraplate olivine from Northland and Auckland Volcanic Provinces, New 
Zealand: phenocrystic - open diamonds, xenolithic - solid diamonds.
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8.5. Relative Elemental Ratios of the Noble Gases
8.5,1. Description
The relative elemental ratios of the noble gases trapped in the samples are listed in 
Tables 8.7.a to 8.7.e. The convention of expressing elemental ratios as F-values relative 
to atmospheric compositions, where Fi = (iX /36Ar) / (lX /36Ar)Air> and lX is one of 
3He, 22Ne, 84Kr and 132Xe, is followed. These data are shown graphically in Figs 
8.6.a, 8.6.b and 8.6.C which plot F3 versus F22, F22 versus Fs4, and F22 versus F132, 
respectively. In Table 8.7.b, the F3 ratios corrected for the presence of cosmogenic 3He 
in the TVZ and Alexandra clinopyroxene samples are listed in the square brackets. The 
corrected F3 ratios was calculated assuming all the 4He is mantle-derived and an initial 
MORB-like 3He/4He ratio of 12 x KT6.
The elemental ratio of 3He to 36Ar, expressed as F3 values relative to the 
atmospheric composition, shows an enormous range from 51 to as high as 27,000 (one 
sample, ANU# 90067b, has a F3 ratio of about 50,000, but has an uncertainty of 
greater than 100 % owing to a large argon blank correction). Note that the F3 values are 
significantly higher than unity owing to the relatively low concentration of helium in the 
atmosphere. Furthermore, the F3 values of the clinopyroxene samples from the TVZ, 
and the olivine samples from Vanuatu and the Tonga-Kermadec Ridge, are 
systematically lower than the F3 values of the other samples (note that this distinction is 
even clearer when the F3 ratios that have been corrected for cosmogenic 3He are 
considered) This is consistent with the previous observation that the total helium 
concentration in these samples is also low in comparison with the other samples.
In contrast, the elemental abundances of neon, krypton and xenon with respect 
to argon show a much smaller, although still significant, range in values including ratios 
both higher and lower than the atmospheric composition (i.e. F-values that are greater 
and less than unity). Importantly, although there is quite a scatter of compositions, the 
F22 ratios are broadly correlated with Fs4 and F132 ratios; high F22 values correspond 
to low F84 and F132 values, and vice versa. This systematic variation in F22, Fs4 and 
F132 values suggests that the dominant atmospheric component of the heavier noble 
gases has experienced elemental fractionation. Furthermore, the clinopyroxene samples 
from the TVZ and the olivine samples from the Tonga-Kermadec Ridge have F22 ratios 
which are systematically higher than in the arc-related olivine samples from the TVZ. As 
stated, these samples also have low 3He abundances and F3 ratios in comparison with 
the other arc-related samples.
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Table 8.7.a : F-ratios: Phenocrystic olivine from Taupo Volcanic Zone, New Zealand
Location ANU# Mass (g) f 3 F22 F84 F132
Maroa Volcanic Centre, Taupo Volcanic Zone 
Ongaroto 88242 1.511 631 (121) 1.02(22) 0.63(12) 0.55(13)
Tongariro Volcanic Centre, Taupo Volcanic Zone 
Mahuia 88207 1.547 8197 (533) 1.26 (7) 0.65 (6) 2.08 (9)
Pukeonake 88208 1.555 2655 (220) 0.42 (3) 0.26 (2) 1.54(16)
P.H.47 88209a 1.424 21950 (3470) 0.42 (7) 1.31(21) 7.25(12)
P.H.47 90067a 1.445 10700 (950) 1.06(14) 1.26(11) 4.02 (41)
P.H.47 90067b 0.973 50200(60600) 3.2 (38) 4.2 (50) 16 (19)
Waimarino 88224a 1.571 427 (59) 0.30 (8) n.d. 0.43 (5)
Waimarino 88244b 1.975 2590 (700) 0.37(11) 1.09(30) 4.0 (11)
Waimarino 88244c 1.555 3630 (980) 0.45(15) 1.71(46) 6.1 (17)
F ratios defined as Fj = (iX/36Ar)sampie/( iX/36Ar)air, where {X is one of 3He, 22Ne, 
84Kr or 132Xe; numbers in brackets list la  uncertainties of last quoted digits; n.d. 
indicates not determined. Suffixes a, b, and c after ANU number indicate multiple 
analyses of sample. Large uncertainty in F-ratios of 90067b are due to large argon blank 
correction.
Table 8.7.b : F-ratios: Phenocrystic clinopyroxene from Taupo Volcanic Zone and 
Alexandra Volcanic Centre, New Zealand
Location ANU# Mass (g) F3 F22 F84 F132
Taupo Volcanic Centre, Taupo Volcanic Zone
Karangahape 88245 1.554 527 (81) 1.44(13) 0.94(82) 6.09(62)
[175 (27)]
Tongariro Volcanic Centre, Taupo Volcanic Zone 
Ohakune 88206 1.574 115 (47) 1.63(17)
P.H.47 88209b 1.596 51 (38) 2.20(36)
Pukekaikiore 90064 1.450 1220 (95) 1.42 (9)
[940 (73)]
0.94(29) 4.3 (22)
0.62(10) 4.46(74)
1.37 (9) 6.34(55)
Alexandra Volcanic Centre, Waikato 
Kakepuku 88247 1.566 6760(750)
[3780 (420)]
TeKawa 88248 1.629 7050(996)
[4900 (690)]
0.45 (5) 2.64(28) 2.07(24)
0.30 (6) 4.39(61) 17.5 (26)
F-ratios defined as Fi = (i *X/36Ar)sampie/(iX/36Ar)air, where [X is one of 3He, 22Ne,
84Kr or 132Xe; numbers in brackets list la  uncertainties of last quoted digits. Small 
numbers in square brackets [] list the F3 ratios corrected for the presence of cosmogenic
3He calculated assuming all 4He is mantle-derived and an initial MORB-like 3He/4He
ratio of 12 x IO'6 via F3.corrected = (F3 x 12 x 10'6) / (3He/4He)0bserved-
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Table 8.7.c : F-ratios: Phenocrystic olivine from Tonga-Kermadec Ridge and Vanuatu
Location Temp Mass F3 F22 Fs4 F 132
ANU# CC) (g)
Tonga-Kermadec Ridge (submarine) 
Rumble II (>908m depth)
88291 1500 1.487 364 (59) 2.02(14) 0.83 (7) 3.40(32)
North Tonga (1500m - 2000m  depth)
90074 1500 1.252 110 (610) 5.4(14) 0.53(15) 1.90(56)
Ambrym, Vanuatu Arc (subaerial)
88296 1000 1.658 b.b. 1.86(42) 1.25(24) 4.5 (10)
1850 193 (22) 1.04 (6) 0.55 (3) 0.65 (35)
11850 22 (330) 1.40(45) 0.59(19) 0.56(34)
Total 185 (39) 1.07 (6) 0.56 (3) 0.67 (4)
Ambae, Vanuatu Arc (subaerial)
88297 1875 1.593 457 (39) 1.00 (5) 0.61 (3) 1.03 (4)
88298 800 1.584 170(9600) 3.06(50) 0.89(14) 4.02(87)
1800 360 (29) 0.60 (3) 0.39 (2) 0.87 (4)
+ 1800 31 (31) 0.82 (4) 0.47 (3) 0.56 (3)
1850 640 (580) 0.44(22) 0.18(11) 0.55(48)
Total 295 (580) 0.66 (3) 0.41 (2) 0.80 (3)
90061 1875 1.545 101 (11) 0.74(47) 0.44 (3) 1.19 (7)
F ratios defined as Ft = (iX/36Ar)Sample/(i^ / 36Ar)air5 where lX  is one of 3He, 22Ne, 
84Kr or 132Xe; numbers in brackets list la  uncertainties of last quoted digits; b.b. 
indicates 3He signal was below background; t  indicates a repeat extraction.
Table 8.7.d : F-ratios: Dredged basaltic glasses from Havre Trough back-arc basin
Location Temp Mass F3 F22 Fsa F 132
ANU# C O  (g)
HT-1 (2632m  depth)
90071 600 1.977 2635 (464) 29.5(37) 2.55(60) 5.84(89)
1500 866 (83) 0.61 (7) 0.72(11) 1.25(14)
Total 1079 (92) 4.09(29) 0.94(12) 1.80(16)
HT-2 (2300m  depth)
90072 600 1.566 572 (37) 1.11 (6) 1.19 (7) 1.61(13)
1500 7834(1224) 1.52(24) 1.63(25) 2.29(38)
Total 1940 (117) 1.19 (6) 1.27 (7) 1.74(12)
F ratios defined as Fi = (iX/36Ar)Sampie/( iX/36Ar)air, where *X is one of 3He, 22Ne, 
84Kr or 132Xe; numbers in brackets list la  uncertainties of last quoted digits.
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Table 8.7.e : F-ratios: Intraplate phenocrystic and xenolithic olivine from Northland and 
Auckland Volcanic Provinces, northern North Island, New Zealand
Location ANU# Mass (g) F3 F22 F84 F 132
Northland Volcanic Province, phenocrystic olivine
Puketona 88228 1.525 27900(1900) 1.10(11) 1.02 (6) 3.52(29)
Picadilly 88238 1.598 2150(1070) 1.19(60) 0.95(47) 4.0 (2.0)
Auckland Volcanic Province, phenocrystic olivine
Wiri 88265 1.488 9550 (630) 1.81 (9) 1.46 (9) 7.32(58)
Crater Hill 88269 1.754 7700 (130) 0.94(16) 1.00(18) 3.37(71)
Otuatua 88280 1.156 4420 (330) 1.48 (8) 1.26 (8) 3.98(34)
Puketutu 88282 1.613 3180 (260) 1.84(16) 1.14 (8) 4.5 (4.1)
Auckland Volcanic Province, xenolithic olivine
L. Pupuke 88276a 1.710 11330 (770) 0.96 (7) 0.78 (5) 4.02(45)
L. Pupuke 88276b 1.101 17450 (330) n.d. 1.69(32) 8.64(68)
Ridge Rd. 88263 1.210 1025 (75) 0.25 (1) 2.73(16) 13.6 (1.1)
Stone Rd. 88283 1.546 13080 (850) 0.37 (2) 2.28(13) 5.26(41)
F ratios defined as Fj = (iX /36Ar)sample/(iX /36Ar)air, where ‘X is one of 3He, 22Ne, 
84Kr or 132Xe; Numbers in brackets list la  uncertainties of last quoted digits; n.d. 
indicates value not determined owing to analytical difficulties; suffixes 'a' and 'b' after 
ANU number indicate analysis of sample.
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Figure 8.6.b. and 8.6.C (opposite page) 22Ne/36Ar versus 84Kr/36Ar and 132Xe/36Ar 
ratios in samples from New Zealand, Tonga - Kermadec Ridge, Vanuatu and the Havre 
Trough back-arc basin, expressed as F-ratios relative to atmospheric compositions. Data 
as listed in Tables 8.7.a to 8.7.e. Subduction-related samples: Taupo Volcanic Zone 
olivine - large open circles, Taupo Volcanic Zone clinopyroxene - solid circles, Tonga - 
Kermadec Ridge olivine - open squares, Alexandra Volcanic Centre clinopyroxene - 
solid squares, Vanuatu Arc olivine - dotted squares. Havre Tough back-arc basin 
basaltic glasses - open triangles. Intraplate samples from Northland and Auckland 
Volcanic Provinces: phenocrystic olivine - small open circles, xenolithic olivine - 
crosses.
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8.5.2. Relative elemental ratios of 4He and non-atmospheric 
40Ar and ^ i V e
Further evidence for elemental fractionation can be found by comparing the relative 
abundances of total 4He and non-atmospheric 40Ar and 21Ne with the theoretical 
production ratios for radiogenic 4He and 40Ar and nucleogenic 21Ne.
In Chapter 7 the radiogenic 4He/40Ar production ratio for a source having a K/U 
ratio of 12,000 and a Th/U ratio of 3 was estimated at between 1.6 and 4.4 depending 
on the integration time. Different K/U and Th/U ratios will give different 4He/40Ar 
production ratios. However, it is unlikely that the real K/U and Th/U ratios vary by 
more than 50 percent from the assumed values. The 21Ne/40Ar production ratio is taken 
to be between 1.6 x 10'7 and 4.4 x 10'7 assuming the above 4He/40Ar production ratio 
and a 21Ne/4He production ratio of 1 x 10"7 as estimated by Kyser and Rison [1982].
Table 8.8 lists the relative ratios of non-atmospheric 40Arna and 21Nena and total 
4Het observed in the samples (where all the 4He is assumed to be radiogenic in origin 
and the non-atmospheric 40Arna and 21Nena are as calculated previously), and compares 
these values with the estimated production ratios as given above. The ratio of total 4Het 
to non-atmospheric 40Arna (4Het/40Arna) ranges from about 0.1 to 18, and commonly 
lies well outside the predicted range of the 4He/40Ar production ratio. Because the 
amount of non-atmospheric 40Arna was calculated by subtracting atmospheric 40Ar from 
the total observed 40Ar, the variations in the 4Het/40Arna ratios listed in Table 8.8 can 
not be attributed to the addition of atmosphere-derived 40Ar. Instead, the observation 
that the 4Het/40Arna ratios commonly are significantly different from the estimated 
4He/40Ar production ratio requires significant elemental fractionation of helium with 
respect to argon. Samples with 4Het/40Arna ratios lower than the estimated production 
ratio have lost helium with respect to argon, whereas samples with 4Het/40Arna ratios 
higher than the estimated production ratio have gained helium with respect to argon.
Of the five 21N ena/4Het ratios listed in Table 8.8, three are similar to the 
21Ne/4He production ratio, and two are significantly higher. There is a clear correlation 
between the 4Het/40Arna and 21Nena/4Het ratios. The three samples (ANU# 88209a, 
90067b and 88283) which have 21Nena/4Het ratios that are similar to the 21Ne/4He 
production ratio also have 4Het/40Arna ratios that are consistent with the estimated 
4He/40Ar production ratio. Thus, for these samples there appears to have been little 
fractionation of helium with respect to neon and argon. In contrast, the other two 
samples (ANU# 88244b and 88244c) have 21Nena/4Het ratios of about 8 (±4) x 10*7, 
significantly higher than the 21Ne/4He production ratio of 1 x 10‘7. Importantly these 
samples also have low 4Het/40A rna ratios of about 0.3. Thus, in these samples 
elemental fractionation has depleted helium with respect to neon and argon.
Table 8.8 also lists the ratio of non-atmospheric 21Ne to 40Ar (21Nena/40Arna). 
In all cases the ratio of non-atmospheric 21Nena to 40Arna is very similar to the estimated
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Table 8.8. Observed ratios of total (radiogenic) 4He and non-atmospheric 40Arna and 
21Nena> and comparison with estimated production ratios
Location ANU# 21Nena/40Ar„a 21Nena/4Het 
(10-7) (10-7)
4Het/40Arna
Taupo Volcanic Zone, phenocrystic olivine
Ongaroto 88242 - - 2.9 (8)
Mahuia 88207 - - 3.8 (2)
Pukeonake 88208 ? ? 8.8 (8)
P.H.47 88209a 2.8 (14) 1.4 (7) 2.0 (6)
P.H.47 90067a $ t 1.5 (2)
P.H.47 90067b § 2 (1) §
Waimarino 88244a - - 0.13 (1)
Waimarino 88244b 2.4(13) 8 (4) 0.30 (13)
Waimarino 88244c 2.4 (13) 8 (4) 0.29 (15)
Taupo Volcanic Zone, phenocrystic clinopyroxene
Karangahape 88245 - - 0.16 (2)
Ohakune 88206 - - 0.85 (49)
P.H.47 88209b - - 0.11 (6)
Pukekaikiore 90064 - - 1.1 (2)
Alexandra Volcanic Province, phenocrystic clinopyroxene
Kakepuku 88247 f f 9.7 (28)
Te Kawa 88248 t f 5.8 (13)
Northland Volcanic Province, phenocrystic olivine
Picadilly 88228 - - 18 (2)
Puketona 88238 - - 6 (4)
Auckland Volcanic Province, phenocrystic olivine
Wiri 88265 - - 2.0 (2)
Crater Hill 88269 ? ? 1.7 (4)
Otuatua 88280 t t 0.55 (7)
Puketutu 88282 - - 0.17 (2)
Auckland Volcanic Province, xenolithic olivine
L. Pupuke 88276a - - 1.21 (7)
L. Pupuke 88276b $ $ 1.0 (1)
Ridge Rd. 88263 - - 0.107(1)
Stone Rd. 88283 2.2 (2) 2.1 (2) 1.05 (6)
Havre Trough, back-arc basin basaltic glasses
HT-1 90071 - - 0.68 (8)
HT-2 90072 - - 6.0 (3)
Production ratios for a reservoir having KHJ = 12,000, and Th/U  = 3
Instantaneous production 4.4 1 4.4
Integrated ratio after 4.5 Ga 1.6 1 1.6
See text for discussion of assumed production ratios. indicates sample has 
atmospheric 21Ne/22Ne ratios, $ indicates neon isotopic ratios were not determined 
owing to analytical difficulties, § shows uncertainty in 40Ar/36Ar ratio was greater than 
100 %, t  indicates all non-atmospheric 2lNe in sample is attributed to cosmogenic 
production. ? indicates measured 21Ne/22Ne ratios is considered unreliable. Numbers in 
brackets list la  uncertainty in last quoted digits.
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21Ne/40Ar production ratio of between 4.4 x 10*7 and 1.6 x 10' 7. Thus, despite the 
significant fractionation of helium with respect to argon, there appears to have been little 
fractionation of neon with respect to argon.
8.5.3. Discussion
A number of points can be made. First, the observation that the F3 ratios show a much 
larger range than the F22, Fs4 and F132 ratios supports the suggestion that 3 He is 
derived from the mantle, whereas the heavier noble gases are dominantly derived from 
the atmosphere. Thus, the very large variation in the F3 ratios reflect variable amounts 
of mantle-derived 3He and atmosphere-derived 26Ar. The smaller variations in the F22, 
Fg4 and F132 ratios reflect the presence of a dominant atmosphere-derived heavier noble 
gas component. Second, the correlated variations in the F22, F84 and F132 ratios 
indicate that the dominant atmosphere-derived component has also undergone 
significant elemental fractionation.
An interesting observation can be made when comparing the elemental ratios of 
the noble gases trapped in subduction-related phenocrystic olivine and clinopyroxene 
samples from the Taupo Volcanic Zone, New Zealand. The F3 ratios and He 
abundances of the clinopyroxene samples are systematically lower than those of the 
olivine samples, whereas the F22 ratios of the clinopyroxene samples are systematically 
higher than those in the olivine samples. In addition, it is recalled that the clinopyroxene 
samples have 40Ar/36Ar and neon isotopic ratios that are either indistinguishable from or 
very similar to atmospheric values, whereas the olivine samples frequently show 
distinctly non-atmospheric 40A r/36Ar and neon isotopic compositions. These 
differences are summarised in Table 8.9 . While acknowledging that the sample suite is 
small, it is interesting to speculate on the possible cause of the apparently systematic 
differences in F22 and F3 ratios, 40Ar/36Ar and neon isotopic compositions, and He 
abundances between the olivine and clinopyroxene samples from the Taupo Volcanic 
Zone.
First, the generally atmospheric 40Ar/26Ar and neon isotopic compositions of the 
clinopyroxene samples indicates these samples have trapped a larger proportion of the 
atmosphere-derived heavier noble gases than the olivine samples, which retain some 
non-atmospheric radiogenic 40Ar. Since petrological studies indicate that the typical 
fractionation sequence for basaltic and andesitic magmas of the Taupo Volcanic Zone 
involves the crystallisation of olivine followed by clinopyroxene (e.g. Graham and 
Hackett [1987]), it is tentatively suggested that the greater proportion of atmosphere- 
derived heavier noble gases observed in the clinopyroxene samples reflects a time- 
dependent change in the isotopic composition of the parent magmas. In Chapter 4 it was 
suggested that interaction between ascending magmas and seawater-derived fluids is a 
plausible mechanism to introduce an atmosphere-derived component of heavier noble 
gases to the parent magmas of oceanic basalts. A similar interaction between ascending
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Table 8.9 . Summary of the characteristic differences in the noble gas data from the arc- 
related olivine and clinopyroxene samples from the Taupo Volcanic Zone, New Zealand
Measurement Olivine Clinopyroxene
2lNe/22Ne Commonly > atmospheric Indistinguishable
0.029 to 0.033 from atmospheric
40Ar/36Ar Commonly > atmospheric Generally near- 
atmospheric
302 to 650 300- 317
(average 450) (average 310)
3He Relatively high Relatively low
(cm3STP g-') 6.6 x 10‘14 to 122 x 10'14 0.4 X  1 0 14 to 6.3 X  10-14
(average 44 x 10*14) (average 2.3 x 10'14)
F3 Relatively high Relatively low
427 to 22,000 51 to 1,200
(average 6,300) (average 320)
F22 Relatively low Relatively high
0.3 to 1.26 1.42 to 2.20
(average 0.66) (average 1.7)
Quoted range in ^ A r/^ A r and F-ratios for the TVZ olivine samples excludes ANU# 
90067b for which a very large blank correction resulted in an uncertainty of > 100 %. 
Quoted values of 3He abundance and F3 ratios for the TVZ clinopyroxene samples have 
been corrected for presence of cosmogenic 3He by assuming all the 4He is mantle 
derived an an initial MORB-like 3He/4He ratio of 12 x 10*6.
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arc magmas and meteoric groundwaters could progressively shift the isotopic 
composition of the heavier noble gases in arc magmas towards atmospheric 
compositions. Thus, it is possible that the more atmosphere-like argon and neon 
isotopic compositions of the clinopyroxene samples compared with the olivine samples 
from the Taupo Volcanic Zone may reflect differences in the time at when the 
clinopyroxene and olivine samples trapped noble gases from their parent magmas.
While it is recognised that this is a highly speculative suggestion, it is interesting 
to note that it is at least consistent with the differences in the F3 and F22, and He 
abundances of the clinopyroxene and olivine samples. The low 3He abundances and F3 
ratios of the clinopyroxenes may reflect the progressive loss of mantle-derived 3He 
from the magmas as they equilibrate with atmosphere-derived fluids. The higher F22 
ratios of the clinopyroxenes may reflect the elemental fractionation effects of bubble 
formation followed gas loss as described in Chapter 4 . In such a model, the olivine 
samples have higher 3He and F3 ratios, and lower F22 ratios than the clinopyroxene 
samples because they trapped noble gases at an earlier stage in the petrogenetic 
evolution of the magma, before the magma had completely equilibrated with the 
atmosphere, and before large degrees of bubble formation and gas loss occurred.
It is repeated that this is a highly speculative suggestion, proposed on the basis 
of an apparent systematic difference in the noble gas compositions of a relatively small 
number of clinopyroxene and olivine samples from the Taupo Volcanic Zone. 
However, if further studies can, (i), confirm the differences in the noble gas 
compositions of olivine and clinopyroxenes collected from a genetically related suite of 
lavas, and (ii), clearly demonstrate that the differences in the noble gas compositions are 
related to changes in the composition of the parent magma with time, then this approach 
has the potential to use noble gases to trace the progressive interaction of magmas with 
crustal fluids.
8.6. Summary
In this chapter it has been shown that for the majority of samples the observed heavier 
noble gas compositions can be interpreted as representative of the parent magmas 
because, with the exception of a small number of samples affected by the cosmogenic 
production of 21Ne, the production of in situ noble gas components is negligible.
Based on this conclusion, the neon and argon results have been interpreted in 
terms of mixing of at least two components: a dominant atmospheric component and a 
non-atmospheric component characterised by high 40Ar/36Ar and 21Ne/22Ne ratios. On 
the basis of the helium data presented in the previous chapter, it was argued that the 
non-atmospheric component of 40Ar and 21Ne may in fact be a mixture of neon and 
argon derived from a MORB-like mantle source, and from the crust. By combining the
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helium and argon isotopic data, it is possible to deconvolve the relative contribution of 
each of these three components to the total 40Ar observed in the samples. Furthermore, 
the elemental ratios of the noble gases, and the ratios of the total 4He to the non- 
atmospheric radiogenic 40Ar and nucleogenic 21Ne, indicate that there has been 
systematic elemental fractionation of the noble gases trapped in the samples.
Thus, this chapter has identified the dominant components of the heavier noble 
gases present in the samples, and has attempted to constrain the relative contribution of 
each component. It is now possible to use the results presented in this chapter to 
address the question of the processes and mechanisms by which these components were 
introduced to the samples.
An important question to be considered is how and when do the atmospheric and 
crustal-derived components enter the samples. In this regard the major unknown relates 
to whether atmospheric and crustal-derived radiogenic and nucleogenic noble gases are 
introduced into the mantle source of the magmas by subduction processes, or 
alternatively, are introduced to the magmas at relatively shallow levels by interaction of 
ascending magmas with the local crust and atmosphere. A discussion of these points, 
and an attempt to use the results to elucidate the behaviour and movement of noble gases 
in subduction systems is presented in the following chapter.
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9The Noble Gas Cycle in Subduction Systems
"We are perplexed, but not in despair" 
II Corinthians 4 : 8
9.1. Introduction
The rationale for measuring noble gases in arc-related samples is to investigate the 
movement and overall mass balance of noble gases in the complex geochemical 
environment of subduction systems. It has been shown in the previous chapters that 
with the exception of a small number of samples which have been affected by the in situ 
production of cosmogenic 3 He and 21Ne, the noble gases in arc-related and intraplate 
samples from New Zealand, the Tonga - Kermadec Ridge, Vanuatu and the Havre 
Trough back-arc basin can be accounted for by mixing of three components: (i) a 
mantle-derived component having a MORB-like ^He/^He ratio of about 12 x 10'6, (ii), a 
radiogenic 4He-rich component with a low 3He/4He ratio (< 1 x 10'6) derived from 
crustal materials, and (iii), an atmosphere-derived component which dominates the 
heavier noble gases. By combining the helium and argon data, it was possible to 
deconvolve the relative contributions of each of these components to the total 40Ar 
observed in the samples; atmosphere-derived 40Ar generally is dominant, accounting for 
greater than 50 percent of the 40Ar in the majority of samples, with 40Ar derived from 
the MORB-like component generally comprising the major part of the remaining 40Ar. 
The identification and deconvolution of these three components constitutes a primary 
finding of this study.
Having identified the presence of these three components, this chapter presents a 
discussion of how each of these components may be introduced to the parent magmas 
of the samples, and the broader question of the overall mass balance of noble gases in 
subduction systems. This chapter is therefore divided into two parts. The first section 
discusses the movement of noble gases through subduction systems in a qualitative
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fashion, and presents an overall model for the routes or pathways by which mantle, 
crustal and atmospheric noble gases are introduced to the parent magmas of the 
samples. The second section addresses the fundamentally more difficult question of 
determining the quantitative noble gas mass balance in subduction systems.
9.2. The Noble Gas Cycle in Subduction Systems
9.2.1. Introduction
On the basis of the general understanding of the generation and evolution of arc magmas 
(see Chapter 5) it is possible to identify two main routes by which noble gases may be 
introduced to the parent magma of a sample. The first is by incorporating noble gases in 
the magma from the mantle source region. The second is to introduce noble gases to the 
parent magma as it ascends through the overlying crust and mantle after separating from 
its mantle source region. A schematic model of how noble gases might be transported 
through subduction systems and introduced to arc related samples is presented in Fig.
9.1. The three primary noble gas components (atmosphere, crust and MORB-source 
mantle) are represented by the boxes labelled in large upper case letters. The box 
labelled 'SAMPLE' represents the noble gases trapped in the olivine, clinopyroxene and 
glass samples as measured in the laboratory. The labelled arrows trace the possible 
routes by which noble gases may enter the samples. It is stressed that this diagram is 
meant to illustrate the primary routes by which the three identified noble gas 
components might enter the sample.
9.2.2. Incorporation of noble gases in the magma from the 
mantle source region
(i) MORB-like noble gases
There is clearly no difficulty in introducing MORB-like noble gases to the samples if the
parent magmas are derived from partial melting of a mantle source which includes a 
MORB-like noble gas component. The underlying question is whether or not it is
reasonable to suggest that the mantle source of the magmas is in fact likely to contain 
MORB-like noble gases. As noted previously (Section 2.4.2), the global uniformity of 
N-type MORB (i) *3He/4He ratios at about 12 x lO-6 indicates that the upper mantle, at least 
as sampled by N-type mid-oceanic ridge magmatism, is remarkably homogenous with 
respect to helium. It therefore seems reasonable to suggest that the upper mantle source 
of the magmas is likely to initially have had a MORB-like helium isotopic composition 
(see Section 5.2.6).
2 0 6
Direct evidence for a MORB-like noble gas component in the upper mantle near 
subduction systems may be found in the noble gas isotopic compositions of back-arc 
basin basaltic glasses. Theoretical modelling of the flow of mantle material above 
subducted slabs suggests that viscous drag along the upper surface of the downgoing 
slab leads to an induced comer flow regime [Bodri and Bodri, 1978; Toksoz and Hsui, 
1978; Spiegelman and McKenzie, 1987; Ribe, 1989]. Because this induced flow is 
likely to introduce fresh upper mantle material to the wedge, it seems reasonable to 
suggest that the noble gases observed in back-arc basin samples are representative of the 
mantle wedge before it is metasomatised by fluids released from the downgoing slab. 
Thus, the observation of MORB-like isotopic compositions of helium in back-arc basin 
basalt glasses from the Mariana Trough [Sano et al., 1986], and of MORB-like helium, 
neon and argon trapped in basaltic glasses from the Lau back-arc basin [Honda et al., in 
prep] indicates that the upper mantle beneath subduction-related volcanic arcs is indeed 
likely to include a MORB-like component of noble gases.
(ii) Crustal and atmosphere-derived noble gases
Crustal and atmosphere-derived noble gases may be introduced to the mantle source 
regions of the parent magmas of the samples through the process of subduction. 
Seawater contains relatively high concentrations of dissolved atmospheric noble gases 
(seawater concentrations in cm3STP g '1: 3 He = 4.5 x 10*8, 20Ne = 1.7 x 10'7, 36Ar = 
1.3 x IO'6, 84Kr = 5.3 x 10'8, 130Xe = 4.5 x 10'10 [Mazor et al., 1964; Bieri et al 
1966; Craig et al., 1967; Bieri and Koide, 1972]). Seawater carrying these dissolved 
atmospheric noble gases is likely to be incorporated into the downgoing slab in a 
number of ways including adsorption onto the surfaces of sediments, direct 
incorporation in pores and fractures of sediments and crust, and chemical incorporation 
in hydrous authigenic and alteration mineral phases in sediments and hydrated oceanic 
crust. Crustal-derived radiogenic 4He and 40Ar and nucleogenic 21Ne are likely to be 
introduced to the downgoing slab by the subduction of terrigenous sediments derived 
from ancient continental areas. Radiogenic 4He and 40Ar and nucleogenic 21Ne will also 
be present in the old oceanic crust of the downgoing slab. Estimates of the 3He/4He 
ratio of 100 Ma old oceanic crust range from about 6 x 10'6 down to about 0.1 x 10'6 
[Craig et al., 1978; Staudacher and Allegre, 1988; see Section 5.2.7]. Direct 
measurements of old oceanic crust by Staudacher and Allegre [1988] gave an average 
40Ar/36Ar ratio of about 350 and a maximum of about 1600. Staudacher and Allegre 
[1988] argued that radiogenic 4He and 40Ar are not quantitatively retained in old oceanic 
crust, and the observed 40A r/36Ar ratios of old oceanic crust reflect a dominant 
atmospheric component introduced by alteration processes involving crust-seawater 
interaction.
The subsequent generation of hydrous and/or siliceous mobile fluids from the 
dehydration and partial melting of the crust and sediments of the downgoing slab will
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transport subducted atmospheric and crustal-derived noble gases into the overlying 
mantle wedge. As the pristine mantle wedge material is believed to contain MORB-like 
noble gases (see Section 5.2.6), this results in a metasomatised mantle wedge 
containing a mixture of atmospheric, crustal and MORB-like noble gases. Partial 
melting of this metasomatised mantle wedge material can then generate magmas which 
contain the three noble gas components identified in arc-related samples.
However, not all noble gases that are initially subducted become available for 
incorporation into arc magmas. For example, on the basis of theoretical and 
experimental studies, Tatsumi [1989] has suggested that the majority of the dehydration 
of the downgoing slab occurs beneath the fore-arc at relatively shallow depths, probably 
considerably shallower than 50 km. Direct evidence for the shallow dehydration of the 
downgoing slab beneath the fore-arc region is provided by the discovery of seamounts 
consisting of highly serpentinised ultramafic material in the fore-arc region of the 
Marianas Trench. Fryer et al. [1985] argue that the major source of water involved in 
this metamorphism is from dehydration of the subducting slab beneath the fore-arc and 
they suggested that much of the dehydration of the downgoing slab should be complete 
before the slab descends below about 30 km. If the dehydration of the subducted slab 
does occur at shallow levels, then it is a distinct possibility that a large proportion of the 
noble gases released from the slab would move up into the fore-arc and return to the 
atmosphere. Thus, these subducted noble gases be not be incorporated in the mantle 
wedge.
Some noble gases may be retained within the downgoing slab and recycled into 
the deeper mantle. The possible return of noble gases to the atmosphere through the 
fore-arc and retention of noble gases in the subducted slab is included in Fig. 9.1 for 
completeness.
P.2.3. Addition of noble gases to the parent magmas as they 
ascend through the overlying crust and mantle
An alternative way of introducing noble gases into the samples is by addition to the 
parent magmas as they ascend through the overlying crust and mantle after separating 
from their mantle source regions. Interaction of the ascending magmas with rock and 
fluids of the overlying crust may result in the addition of crustal-derived radiogenic 4He 
and 40Ar and nucleogenic 21 Ne, and atmosphere-derived noble gases to the magmas, by 
several different processes.
The first mechanism by which this might occur is direct assimilation of old 
crustal material into the ascending magma. The second process is by diffusion of 
radiogenic and nucleogenic noble gases into the magma from the wallrocks of crustal 
magma conduits and chambers through which the magma passes. A third possibility is 
for interaction between the magma and downward percolating crustal fluids that have
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leached radiogenic and nucleogenic noble gases from surrounding crustal rocks (Fig. 
9.1).
In Chapter 4 it was argued that interaction of ascending oceanic basalt magmas 
with seawater-derived crustal fluids prior to eruption could introduce a significant 
component of atmosphere-derived heavy noble gases. In the case of the arc-related 
samples, interaction between the parent magmas and downward percolating meteoric 
groundwaters carrying dissolved atmosphere-derived heavy noble gases could also 
introduce an atmospheric component to the samples.
9.2.4. Summary
The previous two sections have identified various routes by which atmospheric, crustal 
and mantle-derived noble gases may be introduced to the parent magmas of the samples. 
It is concluded that the origin of the MORB-like mantle component is likely to be partial 
melting of a mantle source containing MORB-like noble gases. In contrast, the 
atmospheric and crustal-derived components may be introduced to the samples in at 
least two ways: by subduction or by shallow magma-crust-fluid interaction processes. It 
is stressed that this simple qualitative model for the movement of noble gases in 
subduction systems (as shown in Fig. 9.1) is based on the present understanding of the 
processes of arc-magma genesis and evolution. It is now possible to turn to the more 
difficult question of the mass flux of noble gases in subduction systems.
9.3. The Mass Flux of Noble Gases in Subduction Systems
9.3.1. Introduction
It would be useful to make quantitative estimates of the flux of noble gases along each 
of the routes shown in Fig. 9.1. However, for a variety of reasons this is not yet 
possible. First, the fraction of subducted noble gases which is extracted from the slab at 
shallow depths and recycled to the atmosphere through the fore-arc region is unknown. 
Second, the fraction of subducted noble gases which is retained within the downgoing 
slab and recycled into the deeper mantle is also unknown. Third, the possibility of 
significant addition of atmosphere and crustal-derived noble gases to magmas as they 
ascend through the overlying crust introduces yet further uncertainty.
Because of these unknowns, it is not possible to place quantitative constraints on 
the flux of noble gases along each of the pathways shown in Fig. 9.1. Nevertheless, it 
is possible to consider the total flux of noble gases into subduction systems. It is 
important to determine this flux because it will place constraints upon the amount of 
subducted noble gases that are available for incorporation in the source region of arc 
magmas.
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9.3.2. The total flux of subducted noble gases
Staudacher and Allegre [1988] recently estimated the total flux of noble gases from the 
volume of the downgoing slab, the global average subduction rate, and the 
concentration of noble gases in the downgoing slab. The values of the subduction flux 
determined by Staudacher and Allegre [1988] will be used in the following discussion. 
Before proceeding, however, it is useful to consider how the subduction flux was 
calculated.
Based on the assumption that the volume of subducted oceanic crust equals the 
volume of new crust produced at mid-oceanic ridges, Staudacher and Allegre [1988] 
estimated the total mass of subducted oceanic crust to be 7.0 x 1016 g a-1 (60,000 km of 
ridges x 2 x 4 cm a '1 average half spreading rate x 5 km thickness of oceanic crust x 2.9 
g cm-3 density). By further assuming that 60 percent (i.e. the upper 3 km) of the old 
oceanic crust is altered by interaction with seawater and is therefore charged with 
atmospheric noble gases, Staudacher and Allegre [1988] estimated that 4.2 x 1016 g a*1 
of altered oceanic crust is subducted. Oceanic sediments represent a total mass of about 
1.0 x 1024 g [Garrels and MacKenzie, 1971], and the mass of the oceanic crust is about 
4.5 x 1024 g (3.1 x 108 km2 surface area of oceanic crust x 5 km thickness of oceanic 
crust x 2.9 g cm-3). Thus, sediments comprise approximately 18 percent of the total 
mass of the oceanic seafloor (oceanic crust plus sediment). Neglecting the variable 
distribution of seafloor sediments, this corresponds to the subduction of 1.3 x 1016 g 
a '1 of sediment [Staudacher and Allegre, 1988].
However, the volume of sediment that is actually subducted is likely to be highly 
variable. For this reason Staudacher and Allegre [1988] considered two extreme cases: 
(i) subduction of 4.2 x 1016 g a '1 of old oceanic crust which is altered by interaction 
with seawater and is therefore charged with atmospheric noble gases, but incorporating 
no sediment, and (ii), subduction of the same old oceanic crust plus 1.3 x 1016 g a-1 of 
seafloor sediment.
In order to estimate the concentration of noble gases in the subducted slab, 
Staudacher and Allegre [1988] measured the noble gas abundances in a suite of three 
samples of seafloor sediment and eight samples of old oceanic crust. Based on the 
average noble gas concentrations obtained (Table 9.1), and on the estimated masses of 
old oceanic crust and seafloor sediment subducted annually as listed above, Staudacher 
and Allegre [1988] obtained the total annual flux of subducted noble gases (in units of 
cm3STP a-1; Table 9.1). Although it is possible to derive different values for the 
subduction flux of noble gases by choosing different boundary conditions (e.g. a 
different volume of subducted material, a different fraction of the crust being altered), 
the values as determined by Staudacher and Allegre [1988] will be used in the following 
discussion, as they seem to be reasonable.
In order to determine the effect subducted noble gases could have on the noble 
gas composition of the mantle wedge, it is necessary to consider the flux of subducted
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noble gases per unit length of subduction trench. The flux of subducted noble gases per 
kilometre of trench can be calculated from the total subduction flux, the area of seafloor 
subducted annually, and the local subduction rate, thus:
Local subduction rate
Ajocal = Atotal x - (9.1)
Total seafloor subducted annually
where Aiocai is the flux of subducted noble gases per kilometre of subduction trench (in 
cm^STP km-1 a-1), and Atotai is the total flux of subducted noble gases (in cm3STP a' 
*). Table 9.1 lists the local subduction flux per kilometre of trench for a subduction rate 
of 1 x 10*4 km a '1 (10 cm a*1) calculated assuming that a total of 4.8 km2 of seafloor is 
subducted annually (60,000 km of ridges x 2 x 4 cm a*1 average half spreading rate).
The values for the flux of subducted noble gases per kilometre of trench listed in 
Table 9.1 will be used as input parameters in the following discussions. It should be 
noted however, that these values are at best crude approximations. This is because of a 
number of difficulties. First, measurements of the concentration of noble gases in 
seafloor sediments and old oceanic crust have yielded values that vary by more than an 
order of magnitude [e.g. Matsuda and Nagao, 1986; Staudacher and Allegre, 1988]. 
Second, the measurements of the concentration of noble gases in old oceanic crust and 
seafloor sediments have been made on only a small number of samples from a restricted 
number of locations. Thus, the average noble gas concentrations listed in Table 9.1 may 
not be truly representative of the noble gas concentration in subducted materials. Third, 
it is uncertain what proportion of this crust is charged with atmospheric noble gases 
owing to the interaction of the crust with seawater. Nevertheless, it is useful to consider 
what effect the flux of subducted noble gases could have upon the noble gas 
composition of a mantle wedge of given volume.
9.3.3. Noble gases in the mantle wedge
In order to estimate the effect that subducted noble gases might have upon the noble gas 
composition of the mantle wedge, it is necessary to estimate the concentration of noble 
gases in the upper mantle, and the mass of the mantle wedge.
In Chapter 4 it was noted that the concentration of noble gases in mantle-derived 
samples varies by more than three orders of magnitude (see Figs. 4.1 and 4.2). Because 
of this extreme variability, it is not possible to use the observed concentrations of noble 
gases in mantle-derived samples to constrain the abundance of noble gases in the 
mantle. Estimates of the noble gas concentration of the earth’s interior must be made on 
the basis of the atmospheric inventory of noble gases and the degree of outgassing of 
the mantle. By assuming that the average 40Ar/36Ar ratio of the outgassed upper mantle 
is represented by the maximum 40Ar/36Ar ratio observed in MORB glasses
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(approximately 25,000), and the average 40Ar/36Ar ratio of the bulk earth is represented 
by the average 40Ar/36Ar ratio of glasses from Loihi seamount (390), Allegre et al. 
[1986] estimated the upper mantle has degassed approximately 99.6 percent of its initial 
36Ar from
(40Ar/36Ar)MORB - (40Ar/36Ar)Loihi
d- = --------------------------------------------------- (9.2)
(4OAr/36Ar)MORB - (40Ar/36Ar)Air
where d' is the fraction o f 36Ar initially contained within the upper mantle which now 
resides in the atmosphere (d' = 36Aratm0Sphere /  (36Aratm0sphere + 36Arupper manüe); from 
Allegre et al. [1986]).
Based on a value for d' of 0.996, an atmospheric 36Ar inventory of 1.24 x 1020 
cm 3STP, and assuming the degassed upper mantle to have a mass of 1.9 x 1027 g, 
Allegre et al. [1986] estimated the concentration of 36Ar in the outgassed upper mantle 
to be 2.7 x 10'10 cm3STP g_1. In order to estimate the concentrations of the other noble 
gases in the upper mantle, Staudacher et al. [1989] assumed that the relative elemental 
ratios of the noble gases in a gas rich 'popping rock’ from the Mid-Atlantic Ridge 
(2IID43) are representative of the elemental ratios of the noble gases in the upper mantle 
(4He/36Ar = 51,800; ^ N e /^ A r  = 0.836; 84Kr/36Ar = 0.059; 132Xe/36Ar = 5.49 x 10'3; 
Staudacher et al. [1989]).
Clearly, the concentrations of noble gases in the upper mantle calculated in this 
way (Table 9.2) are at best model-dependent estimates. Choosing different values for 
the average 40Ar/36Ar ratios of the degassed upper mantle and bulk earth, and assuming 
different elemental ratios, would yield different estimates for the noble gas concentration 
of the upper mantle. Nevertheless, the values proposed by Staudacher et al. [1989] and 
listed in Table 9.2 will be used to estimate of the total amount of noble gases initially 
contained in the mantle wedge before addition of a subducted component.
For the purposes of this discussion the mantle wedge is defined to be the volume 
of upper mantle material which lies above the downgoing slab and between the 
subduction-related trench and volcanic arc. Taking the volcanic arc to lie 110 km above 
the downgoing slab (as defined by the Benioff Zone), the crust of the overlying 
volcanic arc to be 10 km thick, and the dip of the downgoing slab to be 55°, yields a 
volume for the mantle wedge of approximately 3,500 km3 per kilometre of trench (3.5 x 
1018 cm3 km"3). Assuming the upper mantle material of the wedge to have a density of 
3.3 g cm '3, this corresponds to a mass of 1.1 x 1019 g km-1. Using the estimates for the 
concentration of noble gases in the upper mantle as listed in Table 9.2, it is possible to 
calculate the total amount of noble gases in a pristine mantle wedge of this mass (Table 
9.2).
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It is now possible to compare the amount of noble gases contained in this mantle wedge 
with the flux of subducted noble gases. The last two rows of Table 9.2 list the time 
required for the integrated flux of subducted noble gases (assuming a local subduction 
rate of 10 cm a-1) to equal the amounts of noble gases contained in a mantle wedge 
comprised of pristine upper mantle material. Irrespective of whether or not sediment is 
subducted, the time required for the integrated flux of subducted He and Ne to equal the 
amount of He and Ne initially contained within the wedge is in excess of 10 Ma. If no 
sediment is subducted, it could take up to 100 Ma for the volume of subducted He to 
equal the volume of He in the wedge. In contrast, the time taken for the integrated flux 
of subducted Ar, Kr and Xe to equal the amount of Ar, Kr and Xe initially contained 
within the wedge is generally less than 1 Ma. This calculation is somewhat 
oversimplified because it assumes that: (i) the mantle wedge is not replenished by fresh 
upper mantle material introduced to the wedge by the induced comer flow regime which 
arises from the viscous drag of the downgoing slab with the mantle wedge (see Section 
9.2.2), and (ii), that all of the subducted noble gases are introduced to the mantle 
wedge. If replenishment of the wedge, return of subducted noble gases to the 
atmosphere through the fore-arc, or retention of noble gases in the downgoing slab 
occurs (see Fig. 9.1), then the required integration times listed in Table 9.2 will be 
underestimated.
While acknowledging that the calculated flux of subducted noble gases and the 
estimated amounts of noble gases in the mantle wedge are at best crudely constrained, 
this result suggests that the mantle wedge could retain its initial MORB-like 3He/4He 
and neon isotopic compositions for geologically significant periods of time (i.e. in 
excess of 10 Ma). This is particularly true if the mantle wedge is continuously 
replenished with fresh upper mantle material. The observation of MORB-like 3He/4He 
ratios, and the tentatively identified MORB-like mantle-derived neon component in the 
arc-related samples discussed in Chapters 7 and 8 are at least consistent with this 
suggestion.
In contrast, subducted Ar, Kr and Xe could make a significant contribution to 
the total noble gases of the wedge over timescales that are more than an order of 
magnitude less than required for He and Ne. While recognising that the required 
integration times listed in Table 9.2 are likely to be underestimated, it appears that 
subduction could introduce a significant component of atmosphere-derived Ar, Kr and 
Xe to the mantle wedge over geologically reasonable timescales (i.e. several Ma). 
However, because of the many uncertainties in this calculation, it is not possible to 
place more quantitative estimates on the contribution of subducted Ar, Kr and Xe, or to 
predict what the isotopic compositions of the heavier noble gases in the mantle wedge 
are likely to be. As discussed in Section 9.2.3, the possible addition of atmosphere- 
derived heavier noble gases to the magmas as they ascend through the overlying crust
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complicates the ability to use the isotopic ratios measured in arc-related samplses from 
being used to directly constrain the isotopic composition of the mantle wedge.
9.4 Summary
It was shown in Chapters 7 and 8 that the noble gas compositions of the samples from 
New Zealand, the Tonga - Kermadec Ridge, Vanuatu, and the Havre Trough could be 
accounted for by mixing of three components: ä MORB-like component derived from 
the mantle, a radiogenic 4He-rich component derived from the crust, and a helium-poor 
component derived from the atmosphere. Furthermore, it was shown in Chapter 8 that it 
is possible to estimate the relative contribution of each of these components to the total 
amount of 40Ar observed in the samples.
Based on the general understanding of the genesis and evolution of arc magmas, 
it is possible to construct a schematic model for the movement of noble gases through 
subduction systems (Fig. 9.1). In this model the crustal and atmosphere-derived 
components may be introduced to the parent magmas of the samples by either 
subduction or by interaction between the magma and overlying crust as the magma 
ascends. Based on the presently available data it is not possible to distinguish between 
the relative importance of these two possibilities, or to make quantitative estimates of the 
flux of noble gases along each of the routes shown in Fig. 9.1.
By making assumptions regarding the volume and noble gas composition of the 
subducted slab, it is possible to estimate the flux of subducted noble gases. While 
acknowledging the many inherent uncertainties in the calculations, it appears that the 
process of subduction could introduce significant amounts of the heavier noble gases 
Ar, Kr and Xe to the mantle wedge underlying a subduction-related arc. In contrast the 
relative contribution of subducted He and Ne added to the wedge will be at least an 
order of magnitude less than for Ar, Kr and Xe. As a result, it seems reasonable that the 
mantle wedge may retain its initial (MORB-like) 3He/4He and neon isotopic ratios for 
significant periods of geological time (in excess of 10 Ma).
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10
Summary and Conclusions
"Having arrived this far, the search for an anti-universe spaceport might be commenced
with some confidence"
Eric Sheldon
10.1. Results
The results o f the measurement of the composition o f noble gases trapped in 
phenocrystic and xenolithic mafic minerals phases of arc-related and intraplate samples 
from the New Zealand - Vanuatu region, and in back-arc basin basaltic glasses from the 
Havre Trough, can be summarised as follows:
10.1.1 Elemental abundances and relative elemental ratios
The elemental abundances of all five noble gases in the samples studied vary by 
between two and three orders of magnitude. The abundances of the heavier noble gases 
Ne, Ar, Kr and Xe are weakly correlated, but there is no correlation between the 
abundance of He and the heavier noble gases. The helium abundances in the 
clinopyroxene samples are systematically about an order of magnitude lower than those 
in the olivine samples.
The relative elemental ratios of helium to the heavier noble gases (e.g. 3He/36Ar) 
vary by about three orders of magnitude, and are not correlated with the elemental ratios 
of the heavier noble gases. In contrast, the relative elemental ratios of the heavier noble 
gases (22N e/36Ar, 84Kr/36Ar and 132X e/36Ar) show less variation and define a broad 
negative correlation; high 22N e/36Ar ratios are correlated with low 84K r/36Ar and 
132Xe/36Ar ratios, and vice versa.
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10.1.2. Isotopic ratios
(i) Helium
The majority of measured 3He/4He ratios isotopic ratios range from MORB-like values 
of about 12 x 10*6 to atmosphere-like values of about 1.4 x lOA These results are 
consistent with the large number of published 3He/4He measurements of arc-related 
fluids. A small number of samples (four clinopyroxene samples and one olivine sample) 
show distinctively higher ^He/^He ratios of between 16 x 10'6 and 36 x 10 A
(ii) Neon and Argon
The majority of measured neon isotopic ratios are indistinguishable from atmospheric 
values (20Ne/22NeAir = 9.8, 21Ne/22NeAir = 0.029). However, a number of arc-related 
phenocrystic olivine samples from the Taupo Volcanic Zone and an intraplate xenolithic 
olivine sample from Auckland Volcanic Province show non-atmospheric 20Ne/22Ne and 
21Ne/22Ne ratios (up to 10.4 and 0.033, respectively) which plot close to the MORB- 
neon trend in a neon three-isotope plot. In addition, a small number of samples show 
elevated non-atmospheric 21Ne/22Ne (up to 0.044) but atmosphere-like 20Ne/22Ne 
ratios and plot well below the MORB-neon trend in a neon three-isotope plot.
The clinopyroxene samples have generally atmosphere-like 40Ar/36Ar ratios 
(295.5), whereas the 40A r/36Ar ratios of the olivine samples show a range from 
atmosphere-like values up to a maximum of about 700. The 38A r/36Ar ratios are 
generally atmosphere-like.
There is a general positive correlation between the 40Ar/36Ar ratios and the 
21Ne/22Ne ratios of those samples which plot along the MORB-neon trend in a neon 
three-isotope plot. However, those samples which have high 21Ne/22Ne ratios but 
atmosphere-like 20Ne/22Ne ratios and plot well below the MORB-neon trend in a neon 
three-isotope plot have atmosphere-like 40Ar/36Ar ratios.
(Hi) Krypton and xenon
The measured krypton and xenon isotopic ratios were indistinguishable from 
atmospheric at the 2a  uncertainty level.
10.2. Interpretation
The interpretation of the noble gas results outlined above can be summarised as follows:
10.2.1. In situ radio-, nucleo- and cosmogenic components
Based on the geological age of the samples, and their low U, Th and K contents, it can 
be shown that in situ production of radiogenic 4He and 40Ar, and nucleogenic 21Ne, is 
unlikely to have had a significant effect upon the observed ^He/4He, 40Ar/36Ar and
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21Ne/22Ne ratios. However, the relatively high 3He/4He ratios of between 16 x 10'6 
and 36 x 10*6 observed in five of the samples appears to be the result of the production 
of cosmogenic 3He. Similarly, the production of cosmogenic 21Ne can account for the 
high 21Ne/22Ne ratios of the samples which lie below the MORB-neon trend in a neon 
three-isotope plot. Cosmogenic species are considered to be insignificant in the 
remaining samples.
10.2.2. Multi-component mixing
Excluding the samples which have been affected by the production of cosmogenic 3He 
and 21Ne, the variations in the observed 3He/4He, 40Ar/36Ar and neon isotopic ratios 
can be accounted for by mixing of three endmember components: (i) a component 
characterised by MORB-like 3He/4He ratios of about 12 x 10‘6 and derived from the 
upper mantle, (ii), a component rich in radiogenic 4He which is derived from crustal 
materials, and (iii), a He-poor atmosphere-derived component which dominates the 
heavier noble gases.
The non-atmospheric 40Ar/36Ar and 21Ne/22Ne ratios observed in some of the 
samples (excluding the effects of cosmogenic 21Ne) are interpreted as a radiogenic- 
nucleogenic component generated by the decay of 40K and U+Th inside the earth. This 
interpretation is strengthened by the observation that the ratios of non-atmospheric 21Ne 
to non-atmospheric 40Ar (i.e. 21Nena/40Arna) in the samples (2.2 to 2.8 x 10‘7; Table 
8.8) are similar to the estimated 21Ne/40Ar production ratio of between 1.6 xlO-7 and 
4.4 x 10'7. This radiogenic-nucleogenic component of 40Ar and 21Ne is derived from 
the upper mantle component having MORB-like 3He/4He ratios, and from the 
radiogenic 4He-rich crustal component. By combining the He and Ar isotopic results, it 
is possible to estimate the relative contributions of the mantle, crustal and atmosphere- 
derived components to the total 40Ar observed in the samples. The atmospheric 
component generally contributes the majority of 40Ar (between 45 and 100 %), with the 
mantle-derived component contributing most of the remaining 40Ar. The crustal 
component seldom contributes more than ten percent of the total 40Ar.
The observation of ^ N e/^N e ratios which are slightly higher than atmospheric 
values suggests that a small MORB-like neon component may also be present in some 
of the samples. However, the relatively large analytical uncertainties of these non- 
atmospheric 20Ne/22Ne ratios makes this a tentative suggestion. The confirmation of 
MORB-like neon isotopic compositions in arc-related samples by more precise 
measurements would add significant confidence to the suggestion that the upper mantle 
below subduction-related volcanic arcs includes a MORB-like noble gas component.
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103 . Conclusions
The main conclusions of this study can be summarised as follows:
103.1 . The noble gas cycle in subduction zones
Based on the present understanding of the genesis and evolution of arc magmas, it is 
possible to construct a simplified model of the noble gas cycle in subduction systems. 
The mantle-derived component characterised by MORB-like 3H e/4He ratios is 
considered to be present in the upper mantle source of the samples. In contrast, the 
atmospheric and crustal-derived components may be introduced to the parent magmas in 
at least two ways: (i) by release of atmospheric and crustal-derived noble gases from the 
downgoing slab as the slab dehydrates and possibly partially melts, and (ii), by 
interaction with the crust and crustal fluids carrying dissolved atmosphere-derived 
heavier noble gases as the magma ascends through the overlying crust. At present it is 
not possible to identify which of these two mechanisms is dominant.
103.2. The flux of subducted noble gases
Based on estimates of the volume and concentration of noble gases in the downgoing 
slab, it is possible to estimate the annual flux of subducted noble gases and to consider 
the effect this flux might have upon the noble gas composition of the mantle wedge. 
Such a calculation involves large uncertainties arising out of: (i) whether the average 
noble gas concentrations in seafloor sediments and old oceanic crust are truly 
representative of the noble gas concentration in the downgoing slab, (ii), the amount of 
sediment that is subducted, (iii), what proportion of the old oceanic crust is altered by 
crust - seawater interaction and therefore charged with atmospheric noble gases, (iv), 
the amount of noble gases initially contained in the mantle wedge, (v), whether the 
mantle wedge is continuously replenished with fresh upper mantle material, (vi) the 
fraction of subducted noble gases which is extracted from the downgoing slab and 
returned to the atmosphere through the fore-arc, and (vii), the fraction of subducted 
noble gases which is retained in the downgoing slab and recycled in the deeper mantle.
Despite these limitations, it appears that subducted Ar, Kr and Xe may make a 
significant contribution to the total Ar, Kr and Xe in the mantle wedge over geologically 
reasonable timescales (i.e. several Ma). In contrast, it appears that it would require 
much longer timescales (i.e. in excess of 10 Ma) for subducted He, and possibly Ne, to 
make a significant contribution to the He and Ne of the wedge. As a result it is 
suggested the mantle wedge may retain its upper mantle (MORB-like) He and Ne 
isotopic signatures for significant periods of time.
2 2 2
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A 1
Appendix 1 :
Model calculation of the elemental composition of the 
heavier noble gases in a sample containing a mixture of 
gases derived from the melt and vapour phases after 
bubble formation and partial gas loss
A,1.1. Introduction
Part (ii) of Section 4.4.2. presented a simple model calculation to describe the elemental 
fractionation of the heavier noble gas retained in the melt phase following the exsolution 
of gases to form a separate vapour phase during bubble formation. The variation in the 
elemental composition of the heavier noble gases retained in the melt phase as a function 
of the fractional volume of bubbles at equilibrium (V*) was plotted in Fig. 4.3.
As stated in Section 4.4.2, because of the low solubility of noble gases in 
basaltic melts [Jambon et al., 1986; Lux, 1987], the vast majority of the noble gases 
will partition into the bubble phase. As a result, the noble gases contained within the 
bubble phase will be unfractionated with respect to the gases dissolved in the melt prior 
to bubble formation. It is important to recognise that the elemental ratio of noble gases 
measured for a basaltic sample will be a mixture of fractionated gas liberated from the 
glass and unfractionated gas liberated from any remaining primary vesicles. Thus, 
because the amount of noble gases retained in the melt phase will be very much lower 
than the amount of noble gases partitioned into the vapour phase, the retention of even a 
very small fraction of the noble gases partitioned into the bubbles will have a significant 
effect upon the total noble gas composition of a mixture of glass and vesicles.
This Appendix presents a simple calculation which illustrates that in order for the 
small amount of elementally fractionated noble gases retained in the melt phase to have a 
significant effect upon the elemental composition of the total noble gases contained in a 
basaltic glass sample, greater than 99.9 percent, and possibly greater than 99.999 
percent of the gases partitioned into the bubbles must be lost from the sample.
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A.1.2. Model calculation
The elemental ratios of the heavier noble gases contained in a basalt sample consisting 
of a mixture of glass and bubbles can be modelled using an extended form of the 
standard two component mixing equation which allows for the partial loss of the vapour 
phase component. The elemental composition of the noble gases contained in a mixture 
of melt and bubbles as a function of the fraction of bubbles remaining in the system 
(defined as k = volume of bubbles remaining after bubble loss / volume of bubbles at 
initial equilibrium prior to bubble loss) can be calculated from
(iX/36Ar)Mf <l> + (>X/36Ar)vapour (1 - 4» k
(iX/36Ar)Mix = ---------------------------------------------------------- (A. 1.1)
+ (1 - 0) k
where ÖX/36Ar)Mix is the elemental composition of the heavier noble gases in a sample 
containing a mixture of vapour and melt phase noble gases, 0 X /36Ar)Mf and 
(1X/36Ar)vapour are the elemental compositions of the heavier noble gases in the melt 
and vapour phases, respectively, after separation of the bubble phase, and (]) is the ratio 
of 36Ar in the melt phase, after the separation of the vapour phase, to 36Ar in the melt 
phase prior to separation of the vapour phase. From Hart et al. [1985], and Jambon et 
al. [1986], it can be shown that
[36Ar]Mf (1 - V*)PoK(36Ar)(T</ro) ?o
(j) = ------------- = ------------------------------------------- (A .1.2)
[36Ar]Mc V* + [(1 - V*)p0K(36Ar)(Tc/ro) P0]
where [36Ar]Mf is the concentration of 36Ar in the melt (Mf) after separation of the 
bubble phase, and [36Ar]Mc is the concentration of 36Ar in the melt (Me) prior to 
separation of the bubble phase. After Hart et al. [1985] and Jambon et al. [1986], it is 
also possible to write independent expressions for (1X/36Ar)Mf and (1X/36Ar)vapour
K(ix) V* 4- [(1 - V*)PoK(36Ar)(Tc/ro) P0]
(iX/36Ar)Mf = (iX/36Ar)Mc x ---------  x ------------------------------------------  (A. 1.3)
K(36Ar) V* + [(1 - V*)p0K(ix)(Tc/T0) P0]
V* + [(1 - V*)PoK(36Ar)(Tc/T0) P0]
OX/36 Ar) vapour = (iX/36Ar)Mc x ------------------------------------------  (A. 1.4)
V* + [(1 - V*)p0K(iX)(Tc/T0) P0]
P0 = standard pressure (1 atmos) V* = fractional bubble volume
Tc = closure temperature (1273 K) T0 = standard temperature (273 K)
po = density of melt with zero bubbles (2.7 g cm-3)
Substituting equations (A. 1.3) and (A. 1.4) in equation (A. 1.1) and simplifying yields
K(ix) (1) + d-<t>)k V* + [(1 - V*)poK(36Ar)(Tc/To)[ P0J
(iX/36Ar)Mix = ------------------------  x -----------------------------------------  (A. 1.5)
K(36Ar)<!> + (l-0)k V* + [(1 - V*)PoK(ix)(T(/ro) P0]
By use of equations (A. 1.2) and (A. 1.5), and assuming a value for the fractional 
volume of bubbles at equilibrium, V*, it is possible to calculate the composition of a 
mixture of melt and bubbles, 0X/36Ar)Mix> as a function of k, the fraction of bubbles 
retained. As noted previously, when the fractional volume of bubbles at equilibrium, 
V*, exceeds about 0.1, the right term of equation (A. 1.5) approaches unity. Thus, for 
V* values greater than 0.1, it is possible to further simplify equation (A. 1.5) to yield
(1X/36Ar)Mix K(ix) <J> + (l-<|>)k 1
G. = -------------------  = ------------------------  x ------------------ (A. 1.6)
0X/36Ar)Mc K(36 Ar) 0 + (1-0)k (>X/36Ar)Mc
where Gi is the elemental composition of the noble gases in a mixture of melt plus 
bubbles relative to (1X/36At)mc» the elemental composition of the noble gases contained 
in the melt prior to bubble formation.
A.1.3. Results of model calculation
Figure A .1.1 illustrates how the 22N e/36Ar, 84Kr/36Ar and 132X e/36Ar ratios 
(expressed as G22, Gs4 and G132 ratios), of the mixed gases (i.e. gas in remaining 
bubbles plus gas dissolved in the melt phase) of a sample varies as a function of k, the 
volume fraction of bubbles remaining in the melt. Three examples where the fractional 
volume of bubbles at initial equilibrium, V*, were 0.1, 0.5 and 0.9, are plotted in Fig. 
A. 1.1. The higher values of V* are considered reasonable and possible because the 
eruption of Hawaiian magmas appears to be associated with the formation and collapse 
of magma foams [Jaupart and Vergniolle, 1988, 1989; Vergniolle and Jaupart, 1990] 
and because of the very high vesicularities in some oceanic basalts, up to 20 percent in 
MORBs [Staudacher et al., 1989; Sarda and Graham, 1990] and 50 percent in oceanic 
island basalts [Rubin and Macdougall, 1989].
Figure A. 1.1 clearly shows that if the fractional volume of bubbles at 
equilibrium (V*) is 0.1, then in order for the elemental fractionation associated with 
bubble formation to have a significant effect upon the elemental composition of the total 
noble gases in a sample containing a mixture of bubble phase and melt phase gases, 
greater than 90 percent (i.e. k < 0.1) of the gases which were partitioned into the bubble 
phase must be lost from the sample. In the more extreme case where V* reached 0.9
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(i.e. 90 %), as required if eruptions of oceanic magmas are associated with the 
formation and collapse of magma foams [Jaupart and Vergniolle, 1988, 1989; 
Vergniolle and Jaupart, 1990], then greater than 99.9 percent of the gases partitioned 
into the bubble phases must be lost (i.e. k < 10’3). Figure 4.6 also shows that in order 
for the maximum fractionation effect to be observed, between 99.9 and 99.999 percent 
of the bubble gas must be lost (10'5 < k < 10*3). Thus the observation that the majority 
of samples plotted in Fig. 4.5.a and b have F22 ratios that are lower than two can be 
explained by the retention of a very small fraction of the gases which were partitioned 
into the bubbles. It is stressed that F22 ratios of less than two are compatible with quite 
significant degrees of gas loss, up to 90 or even 99 percent.
Figure A. 1.1. (opposite page) Variation in the elemental composition of the heavier 
noble gases in a sample containing a mixture of gases from the melt and bubble phases 
as a function of k, the fraction of bubble gases retained in the samples, calculated for 
three different values of the fractional volume of bubbles at equilibrium V* (0.1, 0.5, 
0.9). Note that the fractionation factor Gi is as defined in equation (A. 1.6) relative to the 
elemental composition of the noble gases in the melt prior to bubble formation such that 
when the fraction of bubbles retained in the sample equals 1 (i.e. no loss of bubble gas 
from the sample) the fractionation factor Gi is unity.
2 2 8
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A 2
Appendix 2 : Sample location summary
Subduction-related lavas from Maroa, Taupo and Tongariro Volcanic 
Centres, Taupo Volcanic Zone, Central North Island,
and from
Convergent Margin Series, Alexandra Volcanic Centre, Waikato,
New Zealand
Sample ANU# Map Series Map# Grid Reference
Maroa Volcanic Centre, Taupo Volcanic Zone
Ongaroto 88242 260 T17 668075
Taupo Volcanic Centre, Taupo Volcanic Zone
Karangahape 88245 260 T18 533638
Tongariro Volcanic Centre, Taupo Volcanic Zone
Ohakune 88206 260 S20 173979
Mahuia 88207 260 S19 268257
Pukeonake 88208 260 T19 318256
P.H.47 88209 260 S19 296300
90067 260 S19 296300
Waimarino 88244 260 T19 643387
Pukekaikiore 90064 260 T19 347247
Convergent Margin Series, Alexandra Volcanic Province
Kakepuku 88247 260 S15 078477
Te Kawa 88248 260 S15 115445
Subduction-related lavas from Vanuatu
Sample ANU# Latitude Longitude
Vanuatu
Ambrym 88296 16° 15’ 02.5" S 168° 13’ 07.0" E
Ambae 88297 15° 22’ 03.9" S 167° 44’ 16.2" E
Ambae 88298 15° 21’ 34.6" S 167° 55’ 20.2" E
Ambae 90061 15° 18’ 53.1" s 167° 51’ 59.7" E
Submarine subduction-related lavas from Tonga-Kermadec Ridge,
and
submarine basaltic glasses from Havre Trough back-arc basin
Sample ANU# Latitude Longitude Water
Depth
Tonga-Kermadec Ridge 
Rumble II 88291 
North Tonga 90074
35° 26' S 178° 39’ E >908 m
14° 57 54.0" S 173° 23' 24.0" W 1500-2000 m
Havre Trough back-arc basin
HT-1 90071 36° 13’ 30.0" S
HT-2 90072 36° 09’ 14.4" S
177° 21’44.0" E 
177° 25’ 40.2" E
2630 m 
2300 m
2 3 2
Intraplate lavas from Bay of Islands - Kaikohe Volcanic Field, 
Northland Volcanic Province, 
and
Auckland City and South Auckland Volcanic Fields, 
Auckland Volcanic Province,
New Zealand
Sample ANU# Map Series Map# Grid Reference
Bay o f Islands - Kaikoke Volcanic Field, Northland Volcanic Province
Puketona 88228 260 P05 998559
Picadilly 88238 1* N15 315258
Auckland City Volcanic Field, Auckland Volcanic Province
Wiri 88265 260 R ll 759651
Crater Hill 88269 260 R ll 732667
Lake Pupuke 88276 260 R ll 674894
Otuatua 88280 260 R ll 656670
Puketutu 88282 260 R ll 652692
South Auckland Volcanic Field, Auckland Volcanic Province
Ridge Road 88263 260 R12 868365
Stone Road 88283 260 R12 872646
* All New Zealand map references are for New Zealand Map Series 260, 1 : 50,000 
except ANU 88238 which is for New Zealand Map Series 1,1:  63,360.
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Appendix 3: Location descriptions
Subduction-related lavas from Maroa, Taupo, and Tongariro Volcanic
Centres, Taupo Volcanic Zone, 
and
Alexandra Volcanic Centre, Waikato,
New Zealand
Ongaroto ANU 88242 Grid Ref: TI 7 668075
Maroa Volcanic Centre, Taupo Volcanic Zone
Dense olivine basalt from roadcut in forestry track leading down into 
Ongaroto Quarry, about 1.7 km up Tram Road from intersection with 
Provincial Highway 30, Atiamuri district, central North Island (see TVZ- 
14, Gamble et al., [1990, 1992])
Karangahape ANU 88245 Grid Ref: T18 533638
Taupo Volcanic Centre, Taupo Volcanic Zone.
Vesicular basaltic andesite from centre of large (> 1.5 m) bomb excavated 
from roadcut in access road immediately below north side of forestry fire 
tower on the summit of Karangahape cone, western shores of Lake 
Taupo, central North Island.
Mahuia ANU 88207 Grid Ref: S19 268257
Tongariro Volcanic Centre, Taupo Volcanic Zone 
Dense andesite from river platform on north bank of Mahuia Rapids, 
Whakapapanui Stream, approximately 20 m upstream from the highway 
bridge, western Tongariro National Park, central North Island.
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Pukeonake ANU 88208 Grid Ref: T19 318256
Tongariro Volcanic Centre, Taupo Volcanic Zone 
Loose volcaniclastic bomb (approximately 40 cm x 20 cm) of vesicular 
basaltic andesite from floor of disused scoria quarry on the SW side of 
Pukeonake cinder cone, western Tongariro National Park, central North 
Island (see VUW 14848, Graham and Hackett [1987]).
P.H.47 ANU 88209 and 90067 Grid Ref: S19 296300
Tongariro Volcanic Centre, Taupo Volcanic Zone 
Dense andesite from roadcut on eastern side of Provincial Highway 47, 
approximately 3 km north of the Mangatepopo Valley turn-off, western 
Tongariro National Park, central North Island.
Waimarino ANU 88244 Grid Ref : T19 643387
Tongariro Volcanic Centre, Taupo Volcanic Zone 
Dense olivine basalt from roadcut in disused forestry track on eastern 
bank of Waimarino River, approximately 2.5 km from Kepa Road and 
about 11 km ESE of Turangi township, southern end of Lake Taupo, 
central North Island, (see VUW 17439, Graham and Hackett [1987]; 
TVZ-11, Gamble et al., [1990, 1992])
Ohakune ANU 88206 Grid Ref: S20 173979
Tongariro Volcanic Centre, Taupo Volcanic Zone 
Dense basaltic andesite from lowermost exposure (> 20 m below natural 
ground level) in Ohakune Quarry, northside of railroad track on northern 
edge of Ohakune township, southern flank of Mt Ruapehu, Tongariro 
National Park, central North Island (see VUW 14798, Graham and 
Hackett [1987]).
Pukekaikiore ANU 90064 Grid Ref: T19 347247
Tongariro Volcanic Centre, Taupo Volcanic Zone 
Surface flow of dense basaltic andesite erupted from the summit of 
Pukekaikiore. Collected at 1000 m altitude in gully on western side of 
Pukekaikiore above Mangatepopo Valley, Tongariro National Park, 
central North Island, (see Patterson and Graham [1988]).
Kakepuku ANU 88247 Grid Ref: S15 078477
Alexandra Volcanic Centre, Waikato Region
Dense ankaramite lava from very small disused quarry approximately 20 
m south of Te Awamutu - Bartons Corner Road on the north side of 
Kakepuku cone, Waikato region, North Island (see U15, Briggs and 
McDonough [1990]).
TeKawa ANU 88248 Grid Ref: S15 115445
Alexandra Volcanic Centre, Waikato Region
Dense high-alumina basalt collected from loose boulder exposed within 
inner crater wall near summit of Te Kawa cone, ESE end of Alexandra 
Volcanic Province, Waikato Region, North Island (see T3, Briggs and 
McDonough [1990]).
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Subduction-related lavas from Vanuatu
Ambrym ANU 88296 Lat./Long. 16° 15' 02.5" S 168 °  13' 07.0" E
Dense olivine-basalt from Ambrym. Sample collected by S. Eggins, 
University of Tasmania, Hobart.
Ambae ANU 88297 Lat./Long. 1 5 022' 03.9" S 167°44'16.2" E
Picritic basalt from coastal exposure on W side of Ambae. Sample 
collected by S. Eggins, University of Tasmania, Hobart (see 68642, 
Eggins [1989]).
Ambae ANU 88298 Lat./Long. 15 ° 21'34.6" S 167°55'20.2" E
Picritic basalt from river exposure at 400 m altitude on the E side of 
Ambae. Sample collected by S. Eggins, University of Tasmania, Hobart 
(see 68567, Eggins [1989]).
Ambae ANU 90061 Lat./Long. 15° 18' 53.1" S 167°51'59.7" E
Picritic basalt from river exposure at 200 m altitude on the NW side of 
Ambae. Sample collected by S. Eggins, University of Tasmania, Hobart 
(see 68569, Eggins [1989]).
Submarine subduction-related lavas from Tonga-Kermadec Ridge,
and
basaltic glasses from Havre Trough back-arc basin
Rumble II ANU 88291 Lat./Long. 3 5 °2 6 'S  170°39 'E
Tonga - Kermadec Ridge Water Depth : >  908 m
Clinopyroxene-plagioclase-olivine basalt dredged from near the summit 
of Rumble II Seamount, southern Kermadec Ridge approximately 200 
km north of the Bay of Plenty, North Island, New Zealand. Sample 
made available by Dr. I.E.M. Smith, University of Auckland, New 
Zealand (see 36982, Smith and Brothers [1988]).
North Tonga ANU 90074 Lat./Long. 14° 57’ 54.0" S 173 °23'24.0" W
Tonga -  Kermadec Ridge Water Depth: 1500 to 2000 m
Orthopyroxene-plagioclase-olivine basaltic andesite dredged from Station 
21 on the trench wall of the the North Tonga Ridge during the 1984
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cruise of the RV Natsushima. Sample made available by Dr. T.J. 
Falloon, University of Tasmania, Hobart (see Station 21, Dredge 3, 
Sample 24, Falloon and Green [1986], Falloon et al. [1987], Falloon 
and Crawford [1991]).
HT-1 ANU 90071 LatJLong. 36° 13' 30.0" S 177°21'44.0" E
Havre Trough Water depth: 2632 m
Glassy quenched rind of pillow basalt from axis of the southern Havre 
Trough collected during Cruise 2032 of the New Zealand Oceanographic 
Institute RV Rapuhia. Sample made available by Dr J.A. Gamble, 
Victoria University of Wellington, New Zealand.
HT-2 ANU 90072 LatJLong. 36° 09'14.4" S 177 ° 25' 40.2" E
Havre Trough Water depth: 2300m
Glassy quenched rind of pillow basalt from axis of the southern Havre 
Trough collected during Cruise 2032 of the New Zealand Oceanographic 
Institute RV Rapuhia. Sample made available by Dr J.A. Gamble, 
Victoria University of Wellington, New Zealand.
Intraplate basalts from Bay of Islands - Kaikohe Volcanic Field, 
Northland Volcanic Province, and from Auckland City and South 
Auckland Volcanic Fields, Auckland Volcanic Province, 
North Island, New Zealand
Puketona ANU 88228 Grid Ref: P05 998559
Bay of Islands - Kaikohe Volcanic Field, Northland Volcanic Province 
Olivine basalt from exposure in western bank of the Waitangi River, 
approximately 1 km east of main road and 1 km north of the Puketona Pa 
site.
Picadilly ANU 88238 Grid Ref: NZMS 1 - N15 315258
Bay of Islands - Kaikohe Volcanic Field, Northland Volcanic Province 
Olivine basalt from base of exposure in large active quarry off Picadilly 
Road, south of Kaikohe township.
Wiri ANU 88265 Grid Ref: RI1 759651
Auckland City Volcanic Field, Auckland Volcanic Province 
Olivine basalt from upper flow exposed in the working face of Wiri 
Quarry, north off Wiri Station Road on the northern flanks of Wiri 
volcano (see McDougall et al. [1969]).
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Crater Hill ANU 88269 Grid Ref: R ll 732667
Auckland City Volcanic Field, Auckland Volcanic Province
Olivine basalt from inner wall of tuff ring of Crater Hill volcano (see
McDougall etal. [1969]).
Otuatua ANU 88280 Grid Ref: R ll 656670
Auckland City Volcanic Field, Auckland Volcanic Province 
Olivine basalt from Otuatua volcano collected from beach platform, 
Ihumatao Beach, eastern Manakau Harbour, approximately 1 km north of 
Otuatua Quarry (see McDougall et al. [1969]).
Puketutu ANU 88282 Grid Ref: R ll 652692
Auckland City Volcanic Field, Auckland Volcanic Province 
Olivine basalt from Puketutu volcano collected from working face of 
Wilkins and Davies Quarry, Puketutu Island, Manakau Harbour (see 
McDougall etal. [1969]).
Lake Pupuke ANU 88276 Grid Ref: R ll 674894
Auckland City Volcanic Field, Auckland Volcanic Province 
Individual ultramafic xenoliths (1 to 5 cm) handpicked from a crystal- 
lithic tuff in roadcut outside entrance to Smale's Quarry on the southern 
side of Lake Pupuke, North Shore, Auckland City (see McDougall et al. 
[1969]).
Ridge Road ANU 88263 Grid Ref: R12 868365
South Auckland Volcanic Field, Auckland Volcanic Province 
Ultramafic xenolith (0.5 to 2 cm) bearing aphyric basalt (Bombay 
Formation) collected from base of working face of large quarry on Ridge 
Road, near Pukekohe, South Auckland (site also known as Roose's 
Quarry, Bombay [Rodgers and Brothers, 1969; Rodgers et al., 1975]).
Stone Road ANU 88283 Grid Ref: R12 872646
South Auckland Volcanic Field, Auckland Volcanic Province 
Ultramafic xenolith (0.5 to 2 cm) bearing aphyric basalt (Franklin 
Formation) collected from loose blocks in small quarry off Stone Road, 
near Pukekohe, South Auckland (site also known as Stevenson's 
Quarry, Ramarama [Rodgers and Brothers, 1969; Rodgers et al., 1975]).
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Appendix 4: Petrographie descriptions
The following descriptions are not intended as detailed petrographic studies, but as 
summaries of the suitability of the phenocryst assemblages for noble gas studies. 
Hence, the following descriptions concentrate on the size, form, preservation and 
abundance of mafic phenocrysts with only cursory information on groundmass 
mineralogy and texture. For petrographic information on samples from Vanuatu (ANU 
88296, 88297, 88298 and 90061) see Eggins [1989].
Except where indicated, all listed modes are visual estimates.
ol = olivine, cpx = clinopyroxene, opx = orthopyroxene, pi = plagioclase, opq = 
opaque, g/m = groundmass, vesc = vesicles, xeno = xenolith, xll = crystal, xlline = 
crystalline, gen = generally, typ = typically, abnt = abundant, com = commonly, occ = 
occasionally, anhed = anhedral, subhed = subhedral, euhed = euhedral.
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Subduction-related lavas from Taupo Volcanic Zone, 
Central North Island,
New Zealand
Ongaroto ANU 88242 ol-basalt
Maroa Volcanic Centre, Taupo Volcanic Zone 
ol: (7 %) to 3.5 mm, gen 0.5 mm, subhed, fresh, larger xll show strain
lamellae.
g/m: (93 %) lathy pi (up to 0.25 mm) with interstitial fine cpx and opq.
Texture: locally pilotaxitic, weakly porphyritic (ol only), non-vesicular, 
holocrystalline.
Karangahape
cpx:
ol:
g/m:
vesc:
Texture:
ANU 88245 vesicular cpx-ol andesite
Taupo Volcanic Centre, Taupo Volcanic Zone 
(10 %) to 3.0 mm, gen 1 to 0.5 mm, comm as glomerocrysts of > 3 
xlls, subhed to euhed, fresh, well developed cleavage.
(3 %) to 1 mm, gen anhed to occ subhed, some evidence of 
resorption and occ opq rims.
(45 %) fine (< 0.2 mm) lathy pi in a cryptocrystalline, possibly 
glassy, matrix with abnt very fine opq.
(45 %)
porphyritic, strongly vesicular, mildly pilotaxitic with flow banding 
evident.
Mahuia ANU 88207 cpx-pl andesite
Tongariro Volcanic Centre, Taupo Volcanic Zone 
cpx: (20 %) to 3 mm, gen 1.5 mm, subhed to euhed, comm twinned, occ
glomerocrysts, comm zoned with melt - xll interaction coronas, 
pi: (5 %) to 4.5 mm, gen 1.5 mm, subhed to anhed, comm evidence of
resorption, comm outer rim of finely altered pi xll (by opq 
replacement), occ inclusions of cpx.
ol: (< 2 %) to 1.5 mm, gen < 0.5 mm, subhed to anhed, comm rimmed
by melt-xll interaction coronas of px, typ pervasively fractured but 
remain fresh with notable lack of iddingsite alteration, 
g/m: (75 %) very fine lathy pi (< 0.1 mm) with interstitial px and abnt opq
Texture: porphyritic, felted groundmass tending to cryptocrystic, non- 
vesicular.
Comments:
This sample is petrographically and geochemically very similar to 
ANU 88209, 90067 and 88208, and probably represents a related 
suite of Type 6 [Graham and Hackett, 1987] mixed magmas erupted 
from the Pukeonake area.
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cpx:
opx:
Pukeonake ANU 88208 vesicular cpx-opx andesite
Tongariro Volcanic Centre, Taupo Volcanic Zone 
(8 %) to 2 mm, gen < 1 mm, subhed to euhed with occ anhed, sieve 
textures comm, comm twinned and zoned, occ overgrowths of fine 
cpx, comm inclusions, euhed grains appear in equilibrium with melt, 
subhed and anhed grains in clear disequilibrium with melt. Also 
present as overgrowths on ol and as occ fine glomerocrysts.
(5 %) to 2 mm, gen < 1 mm, typ subhed with sieve textures and 
comm embayments indicating severe disequilibrium with melt.
(< 2 %) occ up to 6 mm, gen 1 mm, subhed, fresh, clearly in 
disequilibrium with melt with comm overgrowths of fine cpx, larger 
xlls show strain lamellae indicating subsolidus deformation. Also 
present as glomerocrysts.
(rare) to 3 mm, anhed, severe disequilibrium with melt, 
very fine (< 0.1 mm) lathy pi with cryptocrystalline mesostasis, and 
interstitial cpx and opq.
(20 % )
Texture: porphyritic, felted, vesicular.
Comments:
Clearly a mixed magma on petrographic and geochemical grounds 
(Type 6 Lava as defined by Graham and Hackett [1987]), note 
possible cumulate origin of large ol xlls, rock is very fresh. Modes 
from Graham and Hackett [1987]. This sample is petrographically 
and geochemically very similar to ANU 88209, 90067 and 88207, 
and probably represents a related suite of lavas erupted from the 
Pukeonake area.
ol:
pi:
g/m:
vesc:
P.H.47 ANU 88209 & 90067 cpx-opx-pl andesite
Tongariro Volcanic Centre, Taupo Volcanic Zone 
cpx: (10 %) to 4 mm, gen 1.5 mm, euhed to subhed, occ anhed, comm
twinned, zonation and melt-xll interaction comm, 
opx: (5 %) to 2 mm, gen 1 mm, subhed, comm overgrowths, clearly in
disequilibrium with melt.
pi: (5 %) to 3 mm, gen 1 mm, anhed to subhed, comm embayments and
sieve textures.
ol: (< 2 %) occ to 2 mm, gen < 1 mm, subhed, fresh, almost always
surrounded by rim of px overgrowth, 
g/m: (80 %) fine lathy pi with interstitial cpx and opq.
Texture: porphyritic, felted, g/m tends to cryptocrystalline, non-vesicular. 
Comments:
This sample is petrographically and geochemically very similar to 
ANU 88207 and 88208, and probably represents a related suite of 
Type 6 [Graham and Hackett, 1987] mixed magmas erupted from the 
Pukeonake area.
Waimarino ANU 88244 ol-cpx basalt
Tongariro Volcanic Centre, Taupo Volcanic Zone 
ol: (16 %) to 2.5 mm, gen 1mm, subhed to euhed, fresh,
cpx: (7.5 %) to 1mm, gen 0.5 mm, subhed to euhed, fresh,
g/m: (76.5 %) finely xlline lathy pi with interstitial cpx.
Texture: porphyritic, non-vesicular.
Comments:
Listed modes are the average of 5 point-counted thin sections as given 
by Graham and Hackett [1987].
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Ohakune ANU 88206 cpx andesite
Tongariro Volcanic Centre, Taupo Volcanic Zone 
cpx: (15 %)  to 4 mm, gen < 1mm, subhed, typ as glomerocrystic
aggregates up to 1 cm across showing bimodal intergranular texture, 
g/m: (85 %) fine lathy pi with occ glass and oxidised cpx laths and occ opq
specks.
Texture: porphyritic, felted, non-vesicular.
Pukekaikiore ANU 90064 cpx-ol andesite
Tongariro Volcanic Centre, Taupo Volcanic Zone 
cpx: (18 %) up to 1.5 mm, gen < 0.5 mm, euhed to subhed, fresh, comm
present as glomerocrystic aggregates up to 3 mm in size, 
ol: (2 %) up to 1.5 mm, gen < 0.5 mm, euhed to subhed, fresh,
g/m: (80 %) fine lathy pi with interstitial cpx and opq.
Texture: porphyritic, mildly pilotaxitic, non-vesicular.
Comments:
Notable amongst lavas from Tongariro Volcanic Centre for lack of pi 
as a phenocrystic phase. See Patterson and Graham [1988].
Subduction-related lavas from Convergent Margin Series, 
Alexandra Volcanic Province,
Waikato, North Island, New Zealand
Kakepuku ANU 88247 cpx-pl-ol ankaramite
cpx: (35 %) occ > 5 mm, typ 2 to 3 mm, euhed to subhed, frequently
twinned, fresh, some larger xlls show strain lamellae, 
pi: (10 %) up to 1 mm, typ subhed, strong sieve textures in cores,
ol: (5 %) occ > 5 mm, typ 2 to 3 mm, typ subhed with comm iddingsite
alteration around rims and along fractures, comm opq inclusions, 
g/m: (50 %) microcrystalline pi and cpx in cryptocrystalline matrix.
Texture: strongly porphyritic with large phenocrysts within a microcrystalline 
matrix of pi and cpx.
Comments:
See U15, Briggs and McDonough [1990].
Te Kawa ANU 88248 cpx-pl-ol high alumina basalt
cpx: (25 %) to > 10 mm, euhed to subhed, fresh with opq inclusions,
pi: (22 %) to 2 mm, gen < 1 mm, subhed to euhed, fresh with comm
opq inclusions.
ol: (3 %) to 3 mm, gen 1 mm, subhed to euhed, minor iddingsite
alteration around rims and along fractures, 
g/m: (50 %) stumpy pi (< 0.2 mm) with interstitial cpx, ol and opq.
Texture: strongly porphyritic, essentially holocrystalline, non-vesicular. 
Comments:
See T3, Briggs and McDonough [1990].
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Intraplate lavas from Northland and Auckland Volcanic Provinces,
North Island, New Zealand
Puketona ANU 88228 ol-pl basalt
Bay of Islands - Kaikohe Volcanic Field, Northland Volcanic 
Province
ol: (7 %) up to 3 mm, gen 0.75 mm, subhed, fresh, larger xlls show 
strain lamellae and slight embayments.
pi: (3 %) occ up to 3 mm, typ 1 to 0.5 mm, subhed to euhed, comm 
zoned with some evidence of resorption of larger xlls.
g/m: (90 %) lathy pi and fine cpx in a cryptocrystalline matrix.
Texture: porphyritic, random fabric with occ vesicles.
Picadilly ANU 88238 pl-ol basalt
Bay of Islands - Kaikohe Volcanic Field, Northland Volcanic 
Province
pi: (10 %) to 2 mm, gen euhed to subhed with occ anhed, comm 
inclusions and rim/core sieve textures.
ol:
g/m:
(5 %) occ > 4 mm, comm > 2 mm, gen subhed, fresh. 
(85 %) fine lathy pi with interstitial cpx and opq.
Texture: porphyritic, holocrystalline to cryptocrystalline, essentially non- 
vesicular.
Comments:
pi and ol often present as glomerocrystic aggregates with rare cpx
xlls.
W iri ANU 88265 ol-cpx basalt
Auckland City Volcanic Field, Auckland Volcanic Province
ol:
cpx:
g/m:
(10 %) to 3.5 mm, gen 1 mm, subhed to euhed, fresh. 
(5 %) to 0.5 mm, subhed to euhed, fresh.
(85 %) fine lathy pi with interstitial cpx, ol and opq.
Texture: porphyritic, random felted intergranular g/m, non-vesicular.
Crater Hill ANU 88289 ol-cpx basalt
Auckland City Volcanic Field, Auckland Volcanic Province 
ol: (10 %) to 2 mm, gen 1 mm, subhed to euhed, fresh,
cpx: (5 %) to 1 mm, gen < 0.5 mm, subhed to euhed, fresh,
g/m: (85 %) very fine lathy pi with interstitial cpx, ol and abnt opq.
Texture: porphyritic, random felted intergranular g/m, non-vesicular.
Otuatua ANU 88280 vesicular ol-cpx basalt
Auckland City Volcanic Field, Auckland Volcanic Province
ol:
cpx:
g/m:
(15 %) to 2 mm, gen 1 to 0.5 mm, subhed to occ euhed, fresh.
(10 %) occ 1 to 2 mm, gen < 0.5 mm, subhed to euhed, fresh.
(70 %) relatively coarse lathy pi (up to 0.25 mm) with interstitial cpx, 
ol and abnt opq.
vesc: (5 %)
Texture: porphyritic, felted intergranular g/m, vesicular.
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Puketutu ANU 88282 ol basalt
ol:
Auckland City Volcanic Field, Auckland Volcanic Province
(15 %) gen 1 to 2 mm, subhed to euhed, rarely to > 5 mm as elongate
laths, fresh.
g/m: (85 %) relatively coarse lathy pi (to 0.5 mm) with interstitial cpx, ol 
and opq.
Texture: porphyritic, felted intergranular groundmass, non-vesicular.
Lake P u p u k e ANU 88276 dunitic and harzburgitic xenoliths
Auckland City Volcanic Field, Auckland Volcanic Province
host: Xenoliths occur as small lava encrusted nodules, fragments, and 
individual xenocrysts in crystal-lithic tuff beds surrounding explosion 
craters.
xeno: Dominantly ol - cpx with lesser opx. Nodule types include abnt 
dunites and harzburgites plus enstatite dunites. Individual nodules to
3 cm. Individual ol xlls to 5 mm but typ 1 mm, fresh.
Comments:
Site also know as Shoal Bay - Lake Pupuke. See Rodgers and
Brothers [1969] and Rodgers et al. [1975].
R idge R o ad ANU 88263 xenolith bearing aphyric basalt
South Auckland Volcanic Field, Auckland Volcanic Province
host: Essentially aphyric with occ ol phenocrysts or xenocrysts to 1 mm in
xeno:
a fine ground mass of lathy pi with interstitial ol, cpx and abnt opq. 
Dominantly ol - cpx mineralogies with lesser opx. Nodule types 
include abnt harzburgites plus lherzolites, dunites, enstatite-dunites 
and clinopyroxene dunites. Individual nodules to 3 cm in diameter 
showing well developed mosaic fabrics. Olivine xlls to > 6 mm, 
although typ 0.5 mm, gen fresh but show minor alteration (chlorite?)
along occ fractures. Larger xlls comm show strain lamellae. 
Comments:
Site also known as Roose's Quarry, Bombay. See Rodgers and
Brothers [1969] and Rodgers et al. [1975].
Stone Road ANU 88283 xenolith bearing olivine basalt
South Auckland Volcanic Field, Auckland Volcanic Province
host: Essentially aphyric basalt with fine felted g/m of lathy pi with ol, cpx 
and opq. Occ individual fresh subhed ol xlls reach 3 mm in size, but 
are considered xenocrystic.
xeno: Dominantly ol - cpx mineralogies with lesser opx. Nodule types 
include abnt harzburgites and dunites plus lherzolites, enstatite- 
dunites and two pyroxene dunites. Individual nodules to 3 cm in 
diameter showing well developed mosaic fabrics. Individual ol xlls to 
5 mm, typ 1 mm. Some nodules are pervasively fractured, whereas
others appear quite fresh.
Comments:
Site also known as Stevenson's Quarry, Ramarama. See Rodgers and 
Brothers [1969] and Rodgers et al. [1975].
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Submarine subduction-related lavas from 
Tonga - Kermadec Ridge
Rumble II ANU 88291 vesicular cpx-pl-ol basalt
cpx: (18.1 %) up to 6 mm, typ 1 to 2 mm, euhed, fresh,
pi: (9.5 %) typ 1 mm, euhed, fresh.
ol: (3.9 %) up to 4 mm, typ 1 to 2 mm, euhed to subhed, fresh.
opx: (< 0.2 %) typ 1 to 2 mm, euhed to subhed, fresh.
vesc: (8.7 %) up to 9 mm, typ 1 to 2 mm.
g/m: (68.3 %) fine pi laths with interstitial glass, cpx and opq.
Texture: porphyritic, vesicular.
Comments:
Sample dredged from > 908 m water depth. See 36982, Smith and 
Brothers [1988].
North Tonga ANU 90074 vesicular opx-pl-ol-cpx andesite
opx: (17 %) euhed to anhed showing resorption features,
pi: (10 %) euhed to anhed showing strong resorption, comm present in
glomerocrystic aggregates with pyroxene, 
ol: (7 %) subhed to anhed showing resorption, comm Cr spinel and
glass inclusions.
cpx: (5 %) anhed to euhed showing resorption.
g/m: (51 %) Fresh glass with quench pyroxene microlites and rare opq.
vesc: (10 %)
Comments:
Sample dredged from between 1500 and 2000 m depth on the trench 
wall of the northern Tonga Ridge. See sample 3-24, Falloon and 
Crawford [1991].
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Appendix 5:
Major oxide geochemistry and C.I.P.W. norms
Data sources as listed in footnotes to table.
C.I.P.W. normative mineralogies calculated volatile free.
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------------- A 6 ----------------
Appendix 6 : Age constraints
Subduction-related lavas from Maroa, Tuiipo, and Tongariro Volcanic 
Centres, Taupo Volcanic Zone, Central North Island,
and from
Convergent Margin Series, Alexandra Volcanic Centre, Waikato
New Zealand
Sample ANU# Age (ka) Technique Source
Maroa Volcanic Centre, Taupo Volcanic Zone
Ongaroto 88242 81 (20) K-Ar a
91 (30) K-Ar a
Taupo Volcanic Centre, Taupo Volcanic Zone
Karangahape 88245 293 (5) K-Ar a
284 (11) K-Ar a
Tongariro Volcanic Centre, Taupo Volcanic Zone
Ohakune 88206 * 20 Tephra stratigraphy b
Mahuia 88207 < 19.8 assumed same as 88208
Pukeonake 88208 < 19.8 Tephra stratigraphy b
P.H.47 88209 < 19.8 assumed same as 88208
Waimarino 88244 13.8 - 19.8 Tephra stratigraphy b
Pukekaikiore 90064 < 14.7 Tephra stratigraphy b
Convergent Margin Series, Alexandra Volcanic Centre
Kakepuku 88247 2,350 (130) K-Ar c
Te Kawa 88248 2,210 (80) K-Ar c
Numbers in brackets list quoted uncertainties in last digits. Data sources: a - Stipp 
[1968], b - Topping [1973] as listed in Graham and Hackett [1987], c - Briggs et al. 
[1989]. Age constraints are not available for ANU# 88207 & 88209, and these samples 
are assumed to have a similar age to ANU 88208. See Chapter 6 for discussion.
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Age constraints for
Intraplate basalts from Bay of Islands - Kaikohe Volcanic Field, 
Northland Volcanic Province, 
and
Auckland City and South Auckland Volcanic Fields, 
Auckland Volcanic Province,
New Zealand
Sample ANU# Age (ka) Technique Source
Bay of Islands - Kaikohe Volcanic Field, Northland Volcanic Province
Puketona 88228 570 (8) K-Ar a
Picadilly 88238 53(10) K-Ar a
Auckland City Volcanic Field, Auckland Volcanic Province
Wiri 88265 25.4 (3) 14c b
Crater Hill 88269 29.7 (2) 14c c
29.0 (7) 14C c
Otuatua 88280 29 (10) K-Ar b
36 (6) K-Ar b
Puketutu 88282 77 (9) K-Ar b
Lake Pupuke 88276 < 100 Geomorphology d
South Auckland Volcanic Field, Auckland Volcanic Province
Ridge Road 88263 1,220 (10) K-Ar e
Stone Road 88283 1,360 (10) K-Ar e
2 5 4
Numbers in brackets list quoted uncertainties in last digits. Data sources: a - this study, 
b - McDougall et al. [1969], c - Searle [1965] as listed in McDougall et al. [1969], d - 
Searle [1961a], e - Stipp [1968].
Appendix 7 : Experimental procedures
A.7.1. Sample extraction, separation and cleaning
(i) Sample extraction
From 0.5 to 2 kg of lava were broken in a steel jaw-crusher to liberate olivine and 
clinopyroxene phenocrysts. The broken rock was then placed in a sieve stack and 
separated into a range of grain sizes between 0.42 and 20 mm. The grain size fraction 
which yielded the maximum amount of clean phenocrysts was selected for further 
processing. In the case of the Lake Pupuke xenolith sample (ANU 88276), the 
individual xenoliths were lightly crushed by hand in a steel mortar and pestle, and the 
olivine crystals handpicked under a binocular microscope. The samples of basaltic glass 
from the Havre Trough (ANU 90071 & 90072) were obtained by chipping or prising 
the outer quenched glass rims from submarine pillow basalts.
(ii) Mineral separation
Olivine and clinopyroxene concentrates were obtained by use of heavy liquid 
gravimetric separation with methylene iodide (CH2I2, s.g. 3.32 g cm*3). The heavy 
separate obtained generally consisted of olivine and clinopyroxene with small amounts 
of impurities. A second stage magnetic separation was used to remove most of the 
impurities and to partially separate the olivine from the clinopyroxene. Final mineral 
separation was performed by hand picking under a binocular microscope to remove any 
remaining impurities and mineral grains which showed alteration. The mineral separates 
obtained comprised 2 to 10 g of high purity olivine or clinopyroxene. A summary of the 
grain size and Mg / Mg + Fe ratios of the mineral separates, determined by energy 
dispersive analysis with a Cameca electron microprobe, is given in Table A.7.1.
(iii) Sample cleaning
In order to remove any residual methylene iodide, samples were triple washed in 
analytical grade acetone in an ultrasonic tank for at least 30 minutes for each wash. This 
was followed by a double wash in analytical grade ethanol in an ultrasonic tank for at 
least 30 minutes. Samples were then dried in a clean oven at 60° C for at least three
Table A.7.1.a. Summary of grain size and forsterite content of olivine separates
Sample ANU# Grain Size (mm) Fo (mole %)
Taupo Volcanic Zone, New Zealand
Ongarto 88242 0.42 - 0.70 85.5 - 89.5
Mahuia 88207 0.42 - 1.00 86.3 - 89.2
Pukeonake 88208 0.70 - 2.36 89.4 - 94.2
P.H.47 88209a 0.70 - 1.70 9 1 .2 -9 4 .9
90067 0.70 - 1.70 9 1 .2 -9 4 .9
Waimarino 88244 0.42 - 0.70 89.9 - 91.2
Tonga - Kermadec Ridge
Rumble II 88291 0.42 - 1.0 76.5 - 87.1
North Tonga 90074 0.42 - 1.0 88.9 - 89.2
Vanuatu Arc
Ambrym 88296 0.70 - 1.70 90.9 - 94.4
Ambae 88297 0.70 - 3.0 85.8 - 89.6
88298 0.70 - 3.0 85.3 - 91.5
90061 0.70 - 1.70 76.6 - 88.9
Northland Volcanic Province, New Zealand
Puketona 88228 1.0 - 1.7 81.0 - 87.7
Picadilly 88238 1.0 - 1.7 80.5 - 86.9
Auckland Volcanic Province
Ridge Road$ 88263 0.42 - 1.0 74.6 - 92.8
Win 88265 0.42 - 1.7 83.3 - 86.4
Crater Hill 88269 0.42 - 1.0 83.0 - 85.3
L. Pupuke$ 88276 1.0 -3 .0 90.5 - 91.3
Otuatua 88280 0.40 - 0.50 85.4 - 86.2
Puketutu 88282 0.40 - 0.70 83.2 - 87.0
Stone Road$ 88283 0.70 - 1.70 90.8 - 93.5
Fo - forsterite content defined as 100Mg/Mg + Fe. $ indicates sample was an intraplate 
xenolith.
Table A.7.1.b. Summary of grain sizes and Mg# of clinopyroxene separates
Sample ANU# Grain Size (mm) Mg# (mole %)
Taupo Volcanic Zone, New Zealand
Ohakune 88206 0.70 - 1.20 81.5 - 83.4
P.H.47 88209b 0.70 - 1.70 70.9 - 72.9
Karangahape 88245 0.42 - 0.70 82.3 - 87.6
Pukekaikiore 90064 0.42 - 0.70 80.0 - 87.4
Alexandra Volcanic Centre, Waikato, New Zealand
Kakepuku 88247 0.70 - 1.70 82.6 - 87.0
Te Kawa 88248 1 .7 0 -2 .3 6 70.7 - 76.3
Mg# defined as lOOMg / Mg + Fe
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hours. After drying samples were stored in glass sample bottles which had also been 
cleaned with acetone and ethanol. An identical cleaning procedure was used for the 
basaltic glass samples.
A.7.2. Noble gas analysis 
A.7.2.1. Equipment
A schematic diagram of the noble gas analytical system at the Australian National 
University is shown in Fig. A.7.1. The system consists of (i) a main gas sample 
handling system (3100 cm3) and (ii), a VG5400 noble gas mass spectrometer (1500 
cm 3). The main gas handling system can be subdivided into four sections: (a) gas 
extraction, (b) gas purification, (c) cryogenic charcoal trap, and (d) a standard gas 
pipette system. The system also includes an AMETEK® M200 quadrupole gas analyser 
which is occasionally used to perform pre-analysis of the noble gases prior to inlet to 
the VG5400 mass spectrometer, and serves as an on-line He leak detector when 
necessary.
(i) Main gas handling system
(a) Gas extraction . The gas extraction section includes a tantalum crucible and 
connecting tubulation (Fig. A.7.2). The tantalum crucible, 17 mm in outer diameter 
with 1 mm wall thickness, is radiatively heated with a resistive tantalum element housed 
in a separately pumped vacuum chamber. The crucible is connected to a double-sided 
Conflat flange by electron beam welding. The heating element, constructed of 0.075 
mm tantalum sheet, is connected by a thick tantalum ring on the top as described by 
Staudacher et al. [1978], and surrounded by radiation shields and additional upper and 
lower heat shields, all made of tantalum sheet. Below 1000 °C the temperature of the 
crucible is monitored with a platinum - rhenium thermocupole in direct contact with the 
bottom of the crucible. At temperatures above 1000 °C, this thermocouple is withdrawn 
to the level of the lower heat shields to prevent bonding to the crucible and a second Pt- 
Rh thermocouple, inserted between the central heat shields, is used to monitor the 
crucible temperature. The temperature of the heating element and crucible was initially 
calibrated with an optical pyrometer, and the temperature difference between the heating 
element and the crucible is about 100 °C at 1800 °C crucible temperature. The 
temperature of the crucible is controlled using a Eurotherm® PID Temperature 
Controller. The input power required to heat the crucible to 1800 °C is 2.5 kW. To 
protect the crucible from corrosion by alloying and reacting with the samples, a 
disposable molybdenum liner with a tantalum chimney is placed in the crucible and 
samples are heated inside the liner.
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Figure A.7.2. (opposite page) Side view of double vacuum resitively heated furnace 
used for gas extraction showing vacuum housing, crucible, heater element and support, 
upper, central and lower heat shields and supports, power feedthroughs, and water 
cooling inlet and exhaust ports in vacuum housing.
2 6 0
FURNACE ELEMENT 
(Ta)
UPPER HEAT
s h ie l d s
CENTRAL HEAT 
SHIELDS
LOWER HEAT 
SHIELDS
POWER FEEDTHROUGH
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(b) Gas purification. The gas cleanup section comprises that part of the system between 
valves V2 to V10 (Fig. A.7.1). It includes two bulk getters (BG1 and BG2) containing 
titanium - zirconium foils, three SAES® getters (SAES1, 2 and 3; Milan, Italy), a 
titanium filament flash getter, three activated charcoal traps (CF1, CF2 and CF3), and 
an accessory volume (1500 cm3) for splitting gases if necessary. To remove active 
species the gases are first exposed to the bulk getters held at 800 °C which are then 
brought to room temperature by cooling with compressed air. The gases are then 
exposed to the SAES getters, one kept at room temperature to absorb hydrogen and the 
other operated at approximately 250 °C to getter other active gases. This is followed by 
a final exposure to a freshly deposited film of titanium from the Ti flash getter and 
another SAES getter held at room temperature. In addition the tungsten filament of the 
ionisation gauge (IG1) is kept hot under floating mode (no potential between grid and 
anode of the gauge) to break down higher order hydrocarbons. Two techniques were 
used to extract the gas from the olivine and clinopyroxene samples. Initially, noble 
gases were extracted by fusing the olivine at 1800 to 1900 °C. However, these high 
temperature lead to regular failure of the heating element. In order to extract gases at 
lower temperatures, later samples were fluxed by a previously outgassed basaltic glass 
melt held at 1500 °C (see section A.7.2.2, (ii)).
(c) Cryogenic charcoal trap. A sketch of the cryogenic charcoal trap assembly is shown 
in Fig. A.7.3. The trap design is based upon the University of California, Berkeley 
design [Reynolds et al., 1978], and is used to separate the noble gases prior to analysis. 
The cooling head of a commercially manufactured double-stage helium expansion 
refrigerator (model 22, CTI Cryogenics) is bought into contact with the charcoal trap, 
which consists of two isolated stainless steel chambers. One of these chambers is filled 
with activated charcoal for the adsorption of noble gases in the extraction system. The 
other chamber is external to the ultra-high vacuum system and can be used for rapid 
cooling of the trap by flushing with liquid nitrogen. Good thermal contact between the 
trap and the helium refrigerator head was achieved by inserting indium foil between 
them. For temperatures above 60 °C, which are necessary for the outgassing of xenon 
from the trap, the helium refrigerator head is physically separated from the trap. The 
charcoal trap is encased in copper about 2 mm thick, and the copper is plated with a 
layer of nickel and then of gold to inhibit oxidation of the copper. In order to maximise 
the thermal isolation of the cold section of the system, the refrigerator head and charcoal 
trap assembly is encased with a stainless steel vacuum chamber held at less than 1x10'  
3 Torr. The charcoal trap can routinely be cooled to temperatures of between 15 and 20 
K. At these low temperatures 100 % of all noble gases, including 3He, are physically 
adsorbed onto the surface of the activated charcoal within the trap. By means of a heater 
coil wound around the outside of the trap, the temperature can be incrementally
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Figure A.7.3. Side view of cryogenic charcoal trap and helium expansion refrigerator 
assembly.
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increased and each of the five noble gases sequentially desorbed for analysis. The 
temperature is monitored with a 0.07 % ion-doped gold versus chromel thermocouple. 
Temperature regulation is ± 0.1 K over the operational range of the system (15 - 523 K) 
by means of a Eurotherm® micro-processor which controls the power input to the 
heater coil. Figure A.7.4 shows the relationship between the noble gas release and 
charcoal temperature. The release curves of He and Ne are quite similar to that reported 
by Reynolds et al. [1978]. Effective separation of He from Ne, and Ne from Ar, are 
attained at 50 K and 125 K, respectively. For Ar, Kr and Xe there is overlap in the 
release curves. Partial separation temperatures for Kr from Ar, and Xe from Kr, that 
were used are 190 K and 250 K, respectively. To release Xe the charcoal trap is heated 
to 473 K. Baking temperature is 523 K.
Once all noble gases have been trapped on the charcoal below 20 K, the charcoal 
is warmed to successively desorb noble gases, starting with the lightest gas He. The 
noble gas released from the charcoal is expanded into the small volume between valves 
V8 and V10 (Fig. A.7.1), and then admitted into the mass spectrometer for elemental 
and isotopic analysis.
(d) Standard gas pipette system. Three noble gas pipettes are attached to the sample 
system (Fig. A.7.1) and are used to deliver aliquots of known volume of standard gases 
so as to calibrate instrumental sensitivity and mass discrimination. Two of them, the Air 
Helium and Heavy Gas pipette, were prepared from air collected at Canberra. Active 
gases were removed by hot titanium bulk getters. Heavy noble gases and part of the Ne 
were removed from the Air Helium pipette by activated charcoal held at liquid nitrogen 
temperature. One aliquot of the Air Helium pipette contains 1.9 x 10-6 cm3STP of 4He 
and 2.6 x 10'12 cm3STP of 3He. The amounts of 2^Ne, 40Ar, 84Kr and 132Xe in one 
aliquot from the Heavy Gas pipette are 2.7 x 10'9, 1.5 x 10'6, 1.1 x 10'10, and 3.8 x 
10'12 cm3STP, respectively. These amounts are based on Boyle's Law after correction 
for barometric pressure, temperature and relative humidity when the standard gases 
were collected. The amount of 40Ar in the heavy gas pipette was cross-checked by 
isotope dilution using a VG1200 mass spectrometer. The calculated and directly 
measured Ar amounts agree to within 1 %. The 4He amount in the Air Helium pipette 
was cross-checked against 4He extracted from aliquots of basalt standard UCB-BCR-2 
(4He concentration 1.42 x 10*6 cm'3 STP g '1; written communication [1970] from J.H. 
Reynolds to holders of standard BCR-2). The results agree to within 5 %.
The third pipette contains He and Ne collected from the Mud Volcano area of 
Yellowstone National Park, Montana, U.S.A., during the U.S. - Japan Joint Meeting 
on Terrestrial Rare Gases in September 1986. One aliquot of Yellowstone gas contains 
1.88 x 10'7 cm3STP of 4He. The Yellowstone pipette is a secondary standard for 
determining the He mass discrimination factor.
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(ii) Noble gas mass spectrometer
The VG5400 mass spectrometer is a magnetic sector, single focusing machine of 27 cm 
radius with extended geometry. It has a Nier-type electron bombardment source with a 
source magnet, and is fitted with two collectors: a Faraday cup collector (amplifier 
feedback resistors of IO10, 1011 and 1012 ohms which can be switched externally 
depending on beam intensity) with a fixed resolution of 230, and a Daly multiplier 
collector ([Daly, I960]; amplifier feedback resistors of 107, 108 and 109 ohms) with a 
fixed resolution of 600. The Faraday collector is used to measure 4He and the isotopes 
of Ar. 3He and the isotopes of Ne, Kr and Xe are measured with the Daly collector 
because of their very low abundances. The mass spectrometer operational conditions 
used throughout were: source accelerating voltage, 4.5 kV; electron ionisation potential, 
75 V; trap current, 800 |iA for He and 200 pA for other noble gases; repeller voltage, - 
3.4 V relative to the source chamber. Focus and beam centering conditions were tuned 
up to maximise beam intensity when each noble gas was admitted to the mass 
spectrometer. The overall gain of the Daly collector and photomultiplier operated at 10 
kV and 960 V, respectively, is approximately 2 xlO6, and varies slightly between noble 
gases. Noise levels of the Faraday and Daly collectors are about 2 x 10'16 A and 1 x 1 0 '  
18 A, respectively.
Data are acquired and analysed by a dedicated microcomputer, which also 
monitors and controls many of the operating parameters of the mass spectrometer. The 
computer interfacing allows operation at a variety of levels of automation. Mass 
selection is performed by pre-programmed peaking jumping to selected magnetic field 
settings. Data sets, comprising data acquisition time and peak intensity after subtraction 
of background, are recorded on the hard disk of the computer. In order to calculate the 
"time zero" intensity of the reference isotope when the gas was first inlet to the mass 
spectrometer, a double exponential curve is fitted to the observed peak intensity versus 
time spectrum, and the initial intensity is calculated by extrapolating the curve back to 
the gas inlet time (i.e. to time zero). In order to obtain isotopic ratios, the intensity of the 
reference isotope is interpolated to the time when other isotope was measured and 
isotopic ratios are calculated. To obtain the time zero isotopic ratio, a linear fit is applied 
to the isotopic ratios as a function of time, and extrapolated back to the gas inlet time. 
The statistical validity of the linear fit is examined by means of a sigma test [Drozd, 
1974]. Programs for data reduction such as mass discrimination, interference 
correction, blank correction and data decomposition have been developed which keep 
track of the correlated errors in the isotopic ratios [Hudson, 1981].
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A.7.2.2. Analytical procedure
(i) Sample loading and pre-analysis baking and outgassing
Between 1 and 2 gram of sample (olivine, clinopyroxene or glass) were split into 4 to 6 
equal aliquots which were individually wrapped in tin foil balls approximately 4 mm in 
diameter. Up to to three samples were then loaded into a Corning #1723 helium 
impermeable glass "Christmas-tree" which was attached to the top of the extraction 
furnace. Samples were sequentially introduced to the furnace by moving a nickel slug 
behind the sample using a handheld magnet. For the later experiments, a metal 
Christmas tree or carousel, consisting of a stainless steel cylinder with ten holes in 
which individual samples were loaded, was used. Samples were dropped from the 
metal Christmas tree by rotating the carousel by hand using a vacuum rotary-motion 
feedthrough. A new molybdenum liner and chimney were installed within the crucible 
each time vacuum was broken to change samples.
The samples were baked at about 150 °C, whereas the remaining all metal 
extraction and purification system were baked at 250 °C for at least 36 hours. After 
baking, the Ta crucible and Mo liner were outgassed at between 1700 °C and 1900 °C 
for at least one hour. Table A.7.2 provides a summary of which Christmas tree was 
used for each sample, the time and temperature at which the crucible was outgassed, 
and the pressure measured on IG3 (Fig. A.7.1) at the completion of outgassing while 
the crucible was still at temperature.
(ii) Gas extraction
Noble gases were extracted from the samples in a variety of ways:
(a) Run #  399 - 471; phenocrystic olivine and clinopyroxene
Initially noble gases were extracted from the phenocrystic olivine and clinopyroxene 
samples (Run # 399 to 471, Table A.7.3) by either step heating or total fusion at 
temperatures up to 1900 °C for olivine, and 1600 °C for clinopyroxene, for 30 minutes. 
Although this technique was successful, the high temperatures required to fuse olivine 
lead to the failure of the tantalum heating element on a number of occasions; at high 
temperatures the element would sag and come into contact with the outer wall of the 
tantalum crucible leading to an electrical short circuit and spot welding the element to the 
outer surface of the crucible. Because of this problem it was considered necessary to 
perform gas extraction at a lower temperature, as described in (c) below.
(b) Run #  505 -510; Havre Trough glass samples
Noble gases were extracted from the quenched glass samples by stepheating the glasses 
at 600 °C followed by total fusion at 1500 °C for 30 minutes (Table A.7.3).
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Table A.7.2. Type of Christmas tree used, temperature and time of crucible degassing, 
and minimum pressure on IG3 during degassing (in chronological order of analysis)
Sample ANU Xmas Tree Temp
(°C)
Time
(hours)
IG3
(10-8 Torr)
Ambae 88298 G 1900 2 1.4
Ambrym 88297 t t t t " t t
Ambae 88297 f t t t t t t t
Ambae 90061 G 1900 1 1.8
Waimarino 88244a G 1900 1 0.3
Ongaroto 88242 I» t t t t t t
Mahuia 88207 i t t i t t M
Karangahape 88245 G 1900 1 1.0
Ohakune 88206 t t t t t t n
Pukeonake 88208 G 1900 1 1.0
P.H.47 88209a i t t t t t I t
P.H.47 88209b G 1700 2.5 0.8
Kakepuku 88247 t t t t t t t i
Te Kawa 88248 t t t t 11 M
HT-1 90071 M 1700 1 7.0
HT-2 90072 t t t t t t t t
Waimarino 88244b G 1550 1 2.0
Waimarino 88244c G 1550 2 4.5
P.H.47 90067a t t t t t t t t
P.H.47 90067b t t t t t t "
Puketona 88228 G 1700 1.5 5.0
Picadilly 88238 t t t t t t
Rumble II 88291 M 1700 1.5 2.0
Wiri 88265 t t t t i t t t
Pukekaikiore 90064 M 1700 1 4.0
Crater Hill 88269 t t t t t t t t
North Tonga 90074 M 1700 1.5 3.0
Lake Pupuke 88276a M 1700 2 10.0
Stone Road 88283 M 1700 1 0.4
Ihumatao 88280 M 1700 3 1.0
Puketutu 88282 t t t t t t t t
Ridge Road 88263 M 1700 1 2.0
Lake Pupuke 88276b t t t t t t t t
G and M indicate glass or metal Christmas tree, respectively
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Table A.7.3. Summary of sample type and mass, Run #, extraction temperature, and 
Flux # and mass (in chronological order of analysis)
Sample
mass
ANU# Type Mass
(g)
Run # Temp
(°C)
Flux # Flux
(g)
Ambae 88298 ol 1.584 399 800
400 1800 - -
401 1801 - -
402 1802 - -
Ambrym 88296 ol 1.658 405 1000 - -
406 1850 - -
407 1851 - -
Ambae 88297 ol 1.593 409 1875 - -
Ambae 90061 ol 1.545 412 1875 - -
Waimarino 88244a ol 1.571 415 1875 - -
Ongaroto 88242 ol 1.511 418 1875 - -
Mahuia 88207 ol 1.547 421 1900 - -
Karangahape 88245 cpx 1.554 455 1600 - -
Ohakune 88206 cpx 1.574 458 1600 - -
Pukeonake 88208 ol 1.555 461 1875 - -
P.H.47 88209a ol 1.424 463 1875 - -
P.H.47 88209b cpx 1.596 466 1600 - -
Kakepuku 88247 cpx 1.566 469 1600 - -
Te Kawa 88248 cpx 1.629 471 1600 - -
HT-1 90071 glass 1.977 505 600 - -
506 1500 - -
HT-2 90072 glass 1.255 509 600 - -
510 1500 - -
Waimarino 88244b ol 1.975 513 1500 I 6.5
Waimarino 88244c ol 1.555 527 1400 II 7.9
P.H.47 90067a ol 1.445 531 1450 II
P.H.47 90067b ol 0.973 534 1450 II ”
Puketona 88228 ol 1.525 537 1500 IV 9.0
Picadilly 88238 ol 1.598 539 1500 II i i
Rumble II 88291 ol 1.587 543 1500 V 10.2
Wiri 88265 ol 1.488 545 1500 "
Pukekaikiore 90064 cpx 1.450 551 1500 VI 9.7
Crater Hill 88269 ol 1.754 553 1500 II i i
North Tonga 90074 ol 1.251 558 1500 vn 9.8
Lake Pupuke 88276a xeno 1.710 567 1500 vm 9.9
Stone Road 88283 xeno 1.546 571 1500 ii i i
Ihumatao 88280 ol 1.156 574 1500 IX 9.5
Puketutu 88282 ol 1.613 576 1500 it "
Ridge Road 88263 xeno 1.210 580 1500 X 8.4
Lake Pupuke 88276b xeno 1.10 583 1500 II i i
ol - phenocrystic olivine, cpx - phenocrystic phenocryst, xeno - xenolithic olivine. Run 
# refers to ANU Noble Gas Laboratory Analysis Number. Run # less than 510 were 
performed without using a flux. Flux # III was not used owing to analytical failure.
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(c) Run #513  -  583; Phenocrystic olivine and clinopyroxene, and xenolithic olivine 
Owing to the repeated failure of the heater element at temperatures above 1800 °C (see 
(a) above), noble gases were extracted from the later olivine and clinopyroxene samples 
by dissolving the samples in a previously degassed glass flux at between 1400°C and 
1500 °C for 30 minutes. The flux was prepared from sample ANU 88244 (Waimarino 
basalt) by the following steps: (i) Following crushing and gravimetric extraction of the 
olivine phenocrysts for noble gas analysis, the olivine-free light fraction of ANU 88244 
(density < 3.32 g cm-3) was cleaned of heavy liquids (methylene iodide, CH2I2) by 
multiple washing in analytical grade acetone followed by ethanol in an ultrasonic tank, 
and dried in a clean oven at 60 °C. (ii) The clean rock chips were then loaded into a 
molybdenum bucket crucible and placed in a glass vacuum line. The material was then 
melted and outgassed under vacuum at around 1600 °C using a radio-frequency 
induction heater. The sample was then allowed to cool to form a glass in the base of the 
crucible, (iii) The crucible was removed from the vacuum line, and the glass plug 
extracted by cutting away the molybdenum crucible. The glass plug was then broken 
into smaller chips (1 to 6 mm) by hand using a steel mortar and pestle, (iv) Between 6 
and 10 g of glass flux was then placed in the bottom of a molybdenum liner and loaded 
into the extraction crucible of the furnace on the noble gas line, (v) The flux was then 
baked along with the noble gas sample handling system, and then outgassed at 1700 °C 
for between 1 and 3 hours during the crucible outgassing procedure. A summary of the 
Flux # and masses used for each sample is provided in Table A.7.3.
The fluxing technique proved successful, and allowed extraction of the noble 
gases from the samples at 1500 °C. It proved possible to completely dissolve up to 6 g 
of olivine and clinopyroxene in each flux charge. After the completion of each analytical 
suite (normally comprising the analysis of 3 samples plus blanks and calibrations), the 
molybdenum liner was retrieved from the furnace. A petrological thin section of each 
flux charge was prepared, and inspected for any remnant undissolved olivine or 
clinopyroxene grains. With one exception, the used flux was entirely glassy and 
showed no evidence of undissolved sample. The only exception was Flux# II. In this 
case the lower 30 % of the flux comprised large quench crystals of olivine showing well 
developed radiating spinifex texture (see thesis Frontispiece). It is considered that this 
olivine recrystallised from the flux during cooling, and that during gas extraction 
samples completely dissolved in the flux.
(iii) Gas purificationf separation, and analysis
After extraction, the gases were purified by exposure to the various getters in the noble 
gas line (see Section A.7.2.1, (ii), (b)). The bulk getters (BG1 & BG2, Fig. A.7.1) 
were not used for the clinopyroxene and olivine samples owing to the small amounts of 
noble gases released, but were used for the Havre Trough glass samples. Following gas
2 7 0
purification the gases were collected to the cryogenic trap at < 20 K, and then 
sequentially desorbed at successively higher temperatures for analysis. Elemental and 
isotopic analysis was performed using the VG5400 noble gas mass spectrometer as 
discussed in Section A.7.2.1, (ii). The elemental abundances of all five noble gases, 
and the isotopic compositions of He, Ne and Ar are given in Chapters 7 and 8. The 
isotopic compositions of Kr and Xe were indistinguishable from atmospheric 
compositions, and are listed in Tables A.7.4 and A.7.5.
(iv) Blanks
Full procedural hot blanks were determined before and after each sample. The blank 
correction for each sample was determined by averaging the blank amount in the pre­
sample and post-sample blank measurements. The uncertainty in the blank correction 
was determined by the range of the two blanks measurements. The blank amounts 
applied to each sample are listed in Table A.7.6. Overall the size of the blank corrections 
applied to the olivine and clinopyroxene measurements show significant variation: 4He 
from 7.1 x 10'10 to 35 x 10'10 cm3STP, 20Ne from 3.6 x 10'12 to 87 x 10*12 cm3STP, 
40Ar from 4.4 x 10'9 to 57 x 10'9 cm3STP, 84Kr from 9.6 x 10 '14 to 218 x 10 '14 
cm3STP, 132Xe from 1.3 x 10'14 to 52 x 10*14 cm3STP. The blank corrections for the 
Havre Trough glass samples tend to be slightly higher because of the contribution to the 
blank from the bulk getters. The contribution of the blank to the total gas amount 
measured, expressed as a percentage of total gas, also varied significantly: 4He from 
0.3 % to 86 %, 20Ne from 1.3 % to 49 %, 40Ar from 0.2 % to 50 %, 84Kr from 0.5 % 
to 50 %, 132Xe from 0.7 % to 59 %.
In addition, the amounts of gas measured in the pre-sample and post-sample 
blanks also showed significant variation; in the most extreme cases the pre-sample and 
post-sample blanks differed by an order of magnitude, leading to uncertainties in the 
blank correction of nearly 100 % (Table A.7.6). The average uncertainties in the blank 
amounts for the five noble gases are: 4He, 20 %; 20Ne, 34 %; 40Ar, 45 %; 84Kr, 34 %; 
132Xe, 36 %. This variability in the pre-sample and post-sample blank amounts, 
combined with the commonly low gas amount in the sample compared with the blanks, 
is the primary cause of the relatively large analytical errors in the abundances and 
isotopic compositions of the noble gases reported in this study. The uncertainties arising 
from the sensitivities, mass discrimination corrections and neon interference corrections 
(see (v) and (vi) below) are generally insignificant in comparison to the uncertainties in 
the blank correction.
The 3He beam was below detection levels throughout the blank measurements, 
and the helium blank was assumed to be isotopically atmospheric (3He/4He = 1.4 x 10' 
6). The average neon isotopic ratios for 56 hot blank runs, after correction for mass 
discrimination and neon interferences from 40Ar++, CC>2++ and H2180 + (see (v) and 
(vi) below), were 21Ne/22Ne = 0.03024 ± 0.00042 and ^ N e /^ N e  = 10.238 ± 0.069,
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and these values were used for the blank corrections. The average argon isotopic ratios 
for 57 hot blank runs were 36Ar/40Ar = 3.358 x 10'3 ± 0.021 x 10'3 and 38Ar/40Ar = 
6.46 x 10'4 ± 0.16 x 10'4, and these values were used for the blank corrections. The 
isotopic ratios of krypton and xenon in all the blank runs were atmospheric within 
uncertainties.
(v) Sensitivities and mass discrimination
The sensitivities and mass discrimination corrections for the noble gases were calibrated 
at regular intervals (normally at the end of an analytical suite immediately prior to 
breaking vacuum to change samples) by the analysis of aliquots of known volume and 
isotopic composition from the standard gas pipette system. Helium was calibrated using 
the Yellowstone Pipette, and the heavier noble gases were calibrated using the Heavy 
Gas pipette (Section A.7.2.1, (i), (d)). The sensitivities of He, Ne, Ar, Kr and Xe as a 
applied to each analytical run, are listed in Table A.7.7. The significant change in the 
sensitivities of all five noble gases after Run # 423 is the result of breaking vacuum to 
the flight tube of the mass spectrometer (this was necessary in order to replace the inlet 
valve V10 which was faulty) and, in the case of Ne, Kr and Xe, to increasing the high 
voltage to the Daly collector from 10 kV to 11 kV. The sensitivities of He, Ne, Kr and 
Xe remained constant for significant periods of time, with occasional discontinuous 
changes. In contrast the sensitivity of Ar changed linearly with time, and the sensitivity 
values for each run were determined by interpolation.
The mass discrimination factors for He, Ne, Kr and Xe, defined as the true 
isotopic ratio of the standard divided by the measured isotopic ratio of the standard, are 
listed in Table A.7.8.a. As for the sensitivities, the mass discrimination factors 
remained constant for significant periods of time, with occasional discontinuous 
changes. The mass discrimination factors for Ar, listed in table A.7.8.b, changed 
linearly as a function of time, and the mass discrimination factors for each run were 
determined by interpolation.
(vi) Neon interference corrections
Because the resolutions required to separate 20Ne+ from 40A rt*+ and H2180+ (1880 and 
6200, respectively), and 22Ne+ from C 02++ (890) are significantly higher than the 
available mass resolution of the VG5400 noble gas mass spectrometer (600 with the 
Daly collector), it was necessary to apply interference corrections to the neon 
measurements.
The ratio of double to single charged 40Ar (40Ar++/40Ar'') and ratio of heavy to 
light water (H2 180 +/H2160 +) produced in the mass spectrometer were determined as 
0.229 ± 0.002 and 0.0074 ± 0.0031, respectively. During the measurement of the neon 
isotopes, the 40Ar+ and H2160 + peaks were monitored, and the size of the 40Ar++ and 
H2180 + interferences to the 2^Ne peak calculated from the above 4^Ar++/40Ar+ and
2 8 4
Table A.7.7. ANU 5400 noble gas mass spectrometer sensitivities for Run # 398 to 584
Gas Run# Sensitivity (10-4 cm*3STP) Daly Voltage (kV)
Helium 398 - 423 1.125 (48) 10
454 - 584 1.127 (48) 11
Neon 398 - 423 0.723 (25) 10
454 - 538 0.572 (21) 11
539 - 584 0.496 (11) 11
Argon 398 - 423 1.431 (56)
454 - 459 1.454 (60)
460 - 464 1.447 (59)
465 - 467 1.437 (59)
468 - 472 1.429 (59)
504 - 508 1.366 (56)
509-511 1.363 (56)
512-514 1.358 (58)
526 - 528 1.341 (55)
530 - 535 1.334 (55)
536 - 540 1.323 (54)
542 - 546 1.316 (54)
550 - 554 1.308 (54)
557 - 558 1.303 (53)
566 - 567 1.290 (52)
570 - 572 1.281 (53)
573 - 576 1.273 (52)
579 - 582 1.266 (52)
583 - 584 1.260 (52)
Krypton 398 - 423 2.061 (78) 10
454 - 472 1.509 (62) 11
504 - 584 1.232 (51) 11
Xenon 398 - 423 6.034 (28) 10
454 - 584 4.142 (27) 11
Numbers in brackets () list 1g uncertainties in last quoted digits. Photomultiplier gain as 
determined for 40Ar and applied to 3He, Ne, Kr and Xe, for Daly high voltages of 10 
kV and 11 kV, are 2.2239 x 106 and 3.414 x 106, respectively.
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Table A.7.8.a. ANU VG5400 mass spectrometer mass discrimination factors: helium, 
neon, krypton and xenon.
Gas Run # Ratio Disc, factor Daly voltage (kV)
Helium 398 - 423 3He/4He 0.996 (26) 10
454 - 584 3He/4He 1.170 (30) 11
Neon 398 - 423 21Ne/20Ne 1.0234 (23) 10
22Ne/20Ne 1.0378 (39) 10
454 - 538 21Ne/22Ne 1.0228 (38) 11
22Ne/2°Ne 1.0391 (20) 11
539 - 584 21Ne/20Ne 1.0195 (24) 11
22Ke/20Ne 1.0288 (37) 11
Krypton 398 - 422 78Kr/84Kr 0.954 (31) 10
80Kr/84Kr 0.9627 (68) 10
82Kr/84Kr 0.9808 (34) 10
83Kr/84Kr 0.9923 (33) 10
86Kr/84Kr 1.0175 (27) 10
454 - 584 78Kr/84Kr 0.33 (20) 11
80Kr/84Kr 0.9636 (36) 11
82Kr/84Kr 0.9832 (17) 11
83Kr/84Kr 0.9925 (17) 11
86Kr/84Kr 1.1059 (23) 11
Xenon 398 - 423 124X e/132Xe 0.95 (13) 10
126X e/132Xe 0.911 (92) 10
128X e/132Xe 0.978 (12) 10
129X e/132Xe 0.9856 (63) 10
130X e/132Xe 0.9852 (57) 10
13iX e/132Xe 0.9930 (30) 10
134X e/132Xe 1.0058 (68) 10
136X e/132Xe 1.0109 (80) 10
454 - 584 124X e/132Xe 0.95 (35) 11
126X e/132Xe 0.91 (16) 11
128X e/132Xe 0.9819 (68) 11
129X e/132Xe 0.9866 (33) 11
130X e/132Xe 0.9897 (41) 11
131X e/132Xe 0.9956 (19) 11
134X e/132Xe 1.0069 (40) 11
136X e/132Xe 1.0127 (43) 11
2 8 6
Mass discrimination factor defined as (iX /jX)stanciard /  (iX /jX )measureci. Numbers in 
brackets () list l a  uncertainties in last quoted digits.
Table A.7.8.b. ANU VG5400 mass spectrometer mass discrimination factors: argon
Run # Disc, factor 36Ar/40Ar Disc, factor 38Ar/40Ar
398 - 423 1.0033 (40) 0.9989 (15)
454 - 459 1.0093 (50) 0.9958 (15)
460 - 464 1.0098 (50) 0.9958 (15)
465 - 467 1.0103 (50) 0.9969 (15)
468 - 472 1.0108 (50) 0.9975 (15)
504 - 508 1.0147 (51) 1.0019 (15)
509-511 1.0148 (51) 1.0020 (15)
512-514 1.0152 (51) 1.0024 (15)
526 - 528 1.0161 (51) 1.0035 (15)
530 - 535 1.0166 (51) 1.0041 (15)
536 - 540 1.0173 (51) 1.0048 (15)
542 - 546 1.0177 (51) 1.0053 (15)
550 - 554 1.0182 (51) 1.0058 (15)
557 - 558 1.0185 (51) 1.0071 (15)
566 - 568 1.0192 (51) 1.0075 (15)
570 - 572 1.0199 (51) 1.0078 (15)
573 - 576 1.0203 (51) 1.0082 (15)
579 - 582 1.0206 (51) 1.0086 (15)
583 - 584 1.0210 (51) 1.0091 (15)
Mass discrimination factor defined as (‘Ar/^Ar^tandard / (iAr/40Ar)measured. Numbers in 
brackets () list 1g uncertainties in last quoted digits.
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H2180 +/H2160 + ratios, respectively. Similarly, the ratio of double to single charged 
CO2 (C 02++/C 02+) was determined to be 0.0141 ± 0.0014. During measurement of 
the neon isotopes, the CC>2+ peak was monitored, and the size of the CC>2+ + 
interference to the 22Ne peak was calculated from the above C02++/C 0 2 + ratio. 
Possible interference from neon hydrides were monitored at a mass/charge ratio of 23 
(22NeH) during the air calibrations. However, no detectable signal was observed 
(22NeH/22Ne < 4 x 10'5), and no Ne hydride correction was applied. Other potential 
interferences to neon isotopes from H3180 , H19F, or doubly charged ions of mass 42 
(CH2CO++), were checked periodically by monitoring the peak heights at mass/charge 
ratios of 18, 19 and 42. Corrections were not considered necessary. In addition, during 
the analysis of neon, the mass spectrometer was open to an on-line charcoal finger 
(CF3, Fig. A.7.1) held at liquid nitrogen temperature so as to minimise the interferences 
from 40Ar++, CC>2++ and double charged species of mass 42.
C 0 2++ interference corresponded to a 22Ne beam of 1.1 x 10'17 to 2.6 x 10*16 
Amp. The average C 02++ contribution to the 22Ne peak was 3.4 %. The 40Ar++ 
interference corresponded to a 20Ne beam of 4.7 x 10*18 to 6.4 x 10'17 Amp, which 
made an average contribution to the 20Ne peak of 0.12 %. The H2180 + interference 
corresponded to a 20Ne beam of 6.2 x 10'18 to 6.9 x 10'17 Amp, and made an average 
contribution to the 20Ne peak of 0.20 %. The relatively large CC>2++ interference, 
combined with the uncertainties in the blank corrections (Section A.7.2.2, (iv)), is the 
primary reason for only considering those sample which have 20N e/22Ne and 
21Ne/22Ne ratios which differ from the atmospheric value by greater than 3 % as having 
reliable non-atmospheric neon isotopic compositions (as discussed in Chapter 8).
2 8 8
--------------------------A 8 -----------------------------
Appendix 8 : Deconvolution of argon components
This appendix presents the detailed derivation of the equations used in Chapter 8 to 
deconvolve the relative contributions of atmospheric, mantle-derived and crustal-derived 
40Ar to the total 40Ar.
Total 40Ar can be expressed as
40Art = 40Ara + 40 A r^
= 40Ara + 40Arm + 40Arc (A. 8.1)
where 40Art is to ta l40Ar, 40Arna is the total non-atmospheric 40Ar, and 40Ara, 40Arm, 
and 40Arc are the contributions from atmosphere, MORB mantle, and crustal-derived 
argon, respectively. Note that 40Arm + 40Arc = 40Arna, and that radiogenic argon 
produced in situ by decay of 40K since eruption, 40Arrad, is assumed to be negligible. 
The relative contribution of each of these three components can therefore be defined by
40Ara/40Art + 40Arm/40Art + 40Arc/40Art = 1 (A. 8.2)
Note that 4^Arm/40Art + 40Arc/40Art = 40Arna/40Art. By assuming that all the 56Ar in 
the sample is atmosphere-derived (i.e. that 36Ara = 36Art), the relative contribution of 
the atmospheric component can be expressed as
40Ara/40Art = / p6Art(40Ar/36Ar)o]
= (40Ar/36Ar)a(36Ar/40Ar)o (A. 8.3)
where the subscripts 'a' and 'o' denote atmospheric and observed isotopic ratios 
respectively. The assumption that all the 36Ar is atmopshere-derived is at best a 
simplification which will underestimate the amount of non-atmospheric 40Ar. However, 
as it seems likely that the non-atmospheric component of argon will have a 40Ar/36Ar 
ratio that is significantly higher than the atmospheric value (e.g., 40Ar/36Ar in MORB 
glasses reaches as high as 28,000), this assumption is probably reasonable. Since 
40Arna = 40Art - 40Ara, the proportion of non-atmospheric argon can be written as
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40Arna/40Art = (40Art - 40 Ara) / 40Art 
= [ 1 - (40Ara/40Art) ]
= [ 1 - (40Ar/36Ar)a(36Ar/40Ar)o] (A.8.4)
It is possible to express the relative contribution of the MORB-like argon component, 
40Arm, as
4(3Aim/40Art = (40Arna/40ArO (^Arm/^Arna) (A.8.5.)
Recalling that 40Arna = 40Arm + 40Arc, equation (A.8.5) can be written as
40Arm/40Art = C^AW^An) [(40Arm) / (40Arm + 40Arc)]
= (40Arna/40A r t) / [ l+ (40Arc/40Arm)] (A.8.6)
The ratio of crustal argon to MORB-like argon, 40Arc/40Arm, can now be defined in 
terms of helium
40atc = 4Hec (40Ar/4He)c (A.8.7)
and
40Arm = 4Hem (40Ar/4He)m (A.8.8)
thus
^Arc/^Arm = 4He,/Hem (4He/40Ar)m(40Ar/4He)c 
= k (4Hec/4Hem) (A.8.9)
where k = (4He/40Ar)m(40Ar/4He)c. By assuming that all the 3He is derived from the 
MORB-like mantle component, the atmospheric contribution to 4He is negligible, and 
the 3He/4He ratio of the MORB-like component is 12 x 10'6 (the validity of these 
assumptions are discussed in Chapter 7), the ratio 4Hec/4Hem can be solved in terms of 
helium isotopic ratios
4Hem = 3Het (4He/3He)m (A.8.10)
and
4Hec = 4Het - 4Hem
= 3Hei [(4He/3He)0 - (4He/3He)m] (A.8.11)
therefore
2 9 0
4Hec/4Hem
3Het [(4He/3He)0 - (4He/3He)m]
3Het (4He/3He)m
(3He/4He)m(4He/3He)0 - 1 (A.8.12)
Substituting equations (A.8.4), (A.8.9) and (A.8.12) into equation (A.8.6) yields
1 - (40Ar/36Ar)a(36Ary40Ar)o
40A rn /°A r = ---------------------------------------------- (A.8.13)
1 + k [(3He/4He)m(4He/3He)0 - 1]
By assuming that k = 1, i.e. that O^He/^AiOc = (4He/40Ar)m, this simplifies to
40Arm/40Art = [1- (40Ar/36Ar)a(36Ar/40Ar)o] (4He/3He)m(3He/4He)0 (A.8.14)
In a similar fashion, the relative proportion of crustal 40Arc can be expressed as
40Arc/40Art = [1- (40Ar/36Ar)a(36Ar/40Ar)o][l- (4He/3He)m(3He/4He)0] (A.8.15)
Thus, equations (A.8.3), (A.8.14) and (A.8.15) allow the relative proportions of the 
atmospheric, MORB-like mantle-derived, and crustal argon to be calculated on the basis 
of the observed helium and argon isotopic ratios. A number of important points need to 
be made: First, the assumption that (4H e/40A r)m = (4He/40Ar)c, i.e. that k = 1, is 
reasonable because the K/U ratio of mantle and crustal material is likely to be fairly 
similar, and to lie between about 10,000 and 12,000 [Jochum et al., 1983; Taylor and 
M cLennan, 1985]. Second, because the k factor is expressed as a ratio of 
(4He/40Ar)m/(4He/40Ar)c, the equations are insensitive to helium-argon elemental 
fractionation provided that both the MORB mantle-derived and crustal components are 
fractionated to a similar degree. This assumption will hold for elemental fractionation 
events that occur after mixing of the MORB-derived and crustal components. If, 
however, one component is fractionated before the mixing occurs, then this assumption 
is no longer valid.
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ATMOSPHERIC CONTAMINATION: A POSSIBLE SOURCE FOR HEAVY 
NOBLE GASES IN BASALTS FROM LOIHI SEAMOUNT, HAWAII
D.B. Patterson, M. Honda, and I. McDougall
Abstract. Re-evaluation of available noble gas data obtained from 
the glassy rims of basalts from Loihi Seamount, Hawaii, shows that 
contamination of magmas prior to eruption, by addition of a 
significant component of atmosphere-derived heavy noble gases, is a 
plausible explanation for the observed atmosphere-like isotopic 
compositions of Ne, Ar, Kr, and Xe. The most likely source for the 
atmospheric component is interaction of the magma with seawater 
carrying dissolved atmosphere-derived noble gases.
The possibility of a significant atmospheric component in Loihi 
samples suggests that the observed heavy noble gas compositions 
may not be representative of the mantle source of Loihi magmas. 
While leaving open the question of the noble gas composition in the 
source region, atmospheric contamination provides a valid alternative 
to the interpretation that the mantle source region of Loihi magmas 
has an atmosphere-like noble gas composition.
Introduction
Loihi Seamount is an active intraplate submarine volcano, which 
lies at the southeastern end of the Hawaiian Island chain, and is 
regarded as a manifestation of the Hawaiian mantle plume or hotspot 
[Clague etal., 1981; Moore etal., 1982; Malahoff, 1987]. Owing to 
the availability of a suite of samples of dredged submarine basalts 
with chilled glassy rims, Loihi has proved to be a particularly 
important locality for studying the noble gas composition of 
intraplate plume-related basalts.
The He trapped in the chilled glassy rims of dredged submarine
basalts trom Louu Seamount is clearly primitive, mantle-derived,
and non-atmospheric. The He isotopic ratios of Loihi samples are 
consistently higher than that of mid-oceanic ridge basalt (MORB) 
samples, and show the greatest excess of 3He with respect to 4He 
yet detected in submarine oceanic basalts ((R/Ra)[„ihi = 15-35, 
(R/Ra)M0RB ~ 9; where R/Ra = (3He/4He) /  (3H erH e)Air, and 
(3Hc/4He)Air= 1.4 x IO'6; Allfegre etal. [1983], Kurz etal. [1983], 
Allögre etal. [1986], Staudacher etal. [1986], Sarda etal. [1988]). 
In contrast, the Ne, Kr and Xe isotopic ratios in Loihi samples are 
indistinguishable from atmospheric values. The 40Ar/36Ar isotopic 
ratio is typically slightly higher than atmospheric, with a component 
of excess 40Ar which can not be accounted for bv the in situ decay 
of 40K in these very youthful samples ((40Ar/36Ar)Air = 295.5, 
(40Ar/36Ar)Loihi = 280~571; Sarda etal. [1988]).
The fundamental question to be asked is whether or not these 
atmosphere-like heavy noble gas isotopic compositions are rep­
resentative of the mantle source region of Loihi magmas, or 
alternatively, are the result of secondary contamination processes. 
Various authors [e.g. Allbgre et al., 1983; Staudacher et al., 1986; 
Sarda et al., 1988] have interpreted the heavy noble gas data (i.e. 
Ne, Ar, Kr, and Xe) from Loihi as indicating that the mantle source 
regions for the magmas have an atmosphere-like noble gas 
composition. Such an interpretation implies that either; (1), after 
allowing for the time-integrated production of radio-, fissio- and 
nucleogenic components, the primordial noble gas composition of 
the earth 4.5 Ga ago was atmosphere-like, or (2), there has been 
significant recycling of atmospheric noble gases into the mantle 
source regions of these magmas through subduction or other 
processes. However, as Fisher [1985] previously noted, the
Copyright 1990 by the American Geophysical Union.
absolute abundances of 3He, 4He and 40Ar in Loihi samples are 
typically less than those in MORB samples. And yet the absolute 
abundance of 36Ar, which because of its comparatively high 
abundance in the atmosphere is the most sensitive indicator of 
atmospheric contamination, is greater in Loihi glasses than in 
MORB. On this basis Fisher [1985] has argued for atmospheric 
contamination of the noble gases in Loihi samples. The Loihi data, 
however, do not show a linear correlation on a 40Ar/36Ar versus 
l /36Ar plot (cf. Dymond and Hogan [1978], Hart et al. [1979], 
Fisher [1983]); thus simple endmember mixing between atmosphere 
and a mantle component of constant Ar abundance and isotopic ratio 
can not explain the observations.
This paper re-examines whether the isotopic compositions and 
relative elemental abundances of Ne, Ar, Kr, and Xe in Loihi 
samples may be the result of secondary contamination of Loihi 
magmas with atmosphere-derived noble gases. If atmospheric 
contamination is shown to be capable of explaining the observed 
noble gas compositions of Loihi samples, then the actual noble gas 
composition of the mantle source region of the Hawaiian plume 
becomes much more speculative. We stress that we are not able to 
prove the contamination hypothesis, but that the presently available 
data do not preclude this possibility. For the purposes of our 
discussion we have used the combined database of Staudacher et al. 
[1986] and Sarda et al. [1988], which comprises elemental and 
isotopic analyses of the noble gases, extracted from eleven individual 
Loihi samples. In the case of one sample (KK29-10), results from 
which were reported in both publications, we use the data given by 
Sarda etal. [1988],
Heavy Noble Gases in Loihi Samples: Result of Interaction of 
Magmas with Seawater ?
As the absolute abundances of Ne, Ar, Kr, and Xe in seawater 
are two to three orders of magnitude greater than in Loihi samples 
(Table 1), seawater is an efficient transport medium for 
contaminating Loihi magmas with atmosphere-derived heavy noble 
gases. By comparison, the absolute abundance of He in seawater is 
about three orders of magnitude less than in Loihi samples (Table 1), 
a function of the very low abundance of He in the terrestrial 
atmosphere because of the continuous loss of He to space. Thus, He 
is effectively decoupled from the heavy noble gases. Therefore, 
addition of a seawater component to Loihi magmas could cause a 
significant shift in the isotopic composition of Ne, Ar, Kr, and Xe in 
the melt toward atmospheric compositions, but have a trivial effect 
upon the He isotopic ratios.
The penetration of seawater to depths exceeding 5 km into the 
oceanic crust has been well established [Bowers and Taylor, 1985]. 
Seawater is therefore likely to interact with rocks and magmas in the 
volcanic cone as well as in the underlying oceanic crust. 
Contamination might occur by direct interaction of the magma with 
percolating seawater, by assimilation into the magma of old oceanic 
crust containing seawater, or by mobilisation of seawater derived 
volatiles from the wallrocks of magma chambers and conduits. Thus 
there are various mechanisms by which magma - seawater interaction 
might occur, and it is therefore useful to explore the geochemical 
implications of that interaction.
Noble Gas Elemental Ratios in Loihi Samples
Paper number 90GL00747 
0094-8276/90/90GL-00747$03.00
Absolute abundances of noble gases in Loihi samples, arc highly 
variable (Table 1). Such variability renders absolute concentration
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Table 1. Comparison of noble gas elemental abundances in air, 
seawater, and Loihi samples.
Air Seawater Loihi samples
3He 4.86 x 10'15 6.4 x 1 0 14 1.5-35 X 1 0 12
20Ne 1.09 x IO 8 1.7 x IO'7 2.0 - 57 X 1 0 10
36Ar 2.08 x IO 8 1.3 x lO'6 0.8-110 X 10-10
84Kr 4.31 xlO-10 5.3 x lO 8 1.5-302 X 1012
130Xe 2.35 x lO 12 4.5 x 10-10 3.9 - 259 X 10-14
Units in cm3STP g-1. Air values calculated by dividing atmospheric 
inventory by the mass of the earth, from Ozima and Podosek [1983]; 
seawater from compilation by Allfegre et al. [1986], Loihi from 
Staudacheretal. [1986] and Sarda etal. [1988].
data difficult to interpret. This problem may be circumvented to some 
degree by the use of relative abundances in the form of elemental 
ratios, which are sensitive tracers of elemental fractionation 
processes and contamination events. We follow the convention of 
expressing elemental ratios as F values relative to atmospheric 
compositions, where F, = (>X/36Ar) /  ('X/36Ar)A;r, and 'X is 
another noble gas isotope.
The noble gas elemental ratios 20Ne/36Ar and 84Kr/36Ar 
measured in Loihi samples, and expressed as F20 and Fg4 
respectively, are presented in Figure 1. Both ratios are variable, 
deviating significantly from the ratios in air or the ratios of noble 
gases dissolved in seawater. These results define a negative 
nonlinear correlation in F20-F84 space.
Whenever two phases having different compositions interact, 
they will tend to exchange noble gases. The degree to which each
O Loihi 
■  Seawater SW 
□  Magma Me 
A Atmosphere
KK23-3
u; 3
- Atmosphere
Fig 1: F20 versus Fg4 plot for noble gas data from Loihi basalt 
glasses. Except where illustrated, analytical uncertainties are 
comparable to size of symbols. Data from Staudacher et al. [1986] 
and Sarda et al. [1988], F20 = (20Ne/36Ar) /  (20Ne/36Ar)Air, F84 = 
(84Kr/36Ar) /  (84Kr/36Ar)Air. Tie line between 'SW and 'Me' is 
elemental fractionation effect arising out of solubility controlled 
partitioning of noble gases between SW and magma. Curved line 
extending from 'Me' towards higher values of F20 illustrates the 
effect of elemental fractionation arising from bubble formation. Tick 
marks indicate degree of vesiculation during bubble formation as 
volume percent. Dotted lines define the uncertainty envelope 
associated with calculation of fractionation trend. Input parameters 
for calculation of fractionation trend (as discussed in text) are: 
Henry's constants, K20Ne = 35 (+6), K36Ar = 8.7 (±0.6), K84Kr = 
6.3 (±0.4), Ki30Xe = 2.7 (±0.4), units in 105 cm3STP g '1 a tm 1 
[Lux, 1987]; pD = 2.7 g cm-3; T0 = 273K; Tc = 1273K.
noble gas will partition between the two phases is dependent upon 
the nature of those phases (e.g. polar-nonpolar, fluid or solid, 
crystalline or melt), and upon the physical characteristics (atomic 
mass, atomic radius, etc.) of that particular noble gas. Preferential 
partitioning of one gas with respect to another between two phases 
will therefore result in elemental fractionation.
In examining the question of interaction between Loihi magmas 
and seawater, there are two processes which have the potential to 
cause elemental fractionation of the noble gases and which may 
account for the variations in F2o and Fg4 ratios seen in Figure 1: (1) 
the initial transfer of atmosphere-derived noble gases from seawater 
into the magma, and (2), subsequent transfer of noble gases from the 
magma into a separate volatile phase during bubble formation. It is 
possible to model the fractionation associated with these processes 
by making the following assumptions: (1) that the partitioning of the 
various noble gases between the basaltic magma and the separate 
volatile phase is a function of the relative solubilities of those gases 
in the magma, and (2), that the experimentally determined relative 
solubilities [e.g. Lux, 1987] of the noble gases in basaltic melts, as 
defined by the ratio of Henry's constants of those gases, are 
applicable to the physical conditions relevant to the system during 
equilibration. The major unknown parameter in this problem is the 
noble gas composition of the mantle-derived magma prior to 
interaction with seawater. The following sections therefore calculate 
the component of noble gases in the melt which were derived from 
seawater, and do not include the initial mantle derived component of 
noble gases.
Elemental Fractionation Between Seawater and Basaltic Melt
Using the Henry's constants for the solubility of noble gases in a 
tholeiitic melt as given by Lux [1987], we calculate the relative 
abundance ratios of the noble gases in a melt, Me, which has 
equilibrated with seawater
OX/56Ar)Mt= (*X/36Ar)sw x K(ix )/K(36Ar) (1)
where ‘X is the noble gas isotope in question (20Ne or 84Kr), K is 
the relevant Henry's constant, (iX/36Ar)sw is the elemental ratio in 
seawater, and (iX/36Ar)Mc is the elemental ratio in Me. Because the 
solubility of noble gases decreases with increasing mass [Lux,
1987] , the lighter noble gases will preferentially partition into the 
melt phase. As a result the light/heavy noble gas elemental ratios in 
Me will be higher than those in seawater (i.e., higher F20, but lower 
F84 in Me compared with seawater). This fractionation effect is 
illustrated in Figure 1 by the tie-line joining 'SW' to 'Me'. The 
uncertainty associated with the calculation is indicated by the error 
bars on Me, and arises from the uncertainty in the measurement of 
the Henry's constants as given by Lux [1987]. Two important points 
can be made regarding the data shown in Figure 1: (1) with the 
exception of one datum (KK24-7), the Loihi data all plot toward 
higher F20 and lower F ^  values than seawater, and (2), the majority 
of the Loihi data lie close to the calculated composition Me. As a first 
order approximation, solubility controlled elemental fractionation 
during seawater - magma interaction can account for the majority of 
the Loihi data. This simple analysis does not prove that the scatter of 
data in Figure 1 is the result of fractionation, but rather, that 
elemental fractionation is a viable explanation.
Two points (KK23-3 and KK16-1) can not be explained by 
simple seawater - magma interaction (the large uncertainty in the 
position of KK23-3 is a function of particularly low total noble gas 
abundances in this sample). These samples have significantly higher 
F20 and lower F84 values than Me, and therefore an additional 
elemental fractionation event is required to account for these values.
Elemental Fractionation During Bubble Formation
The presence of vesicles, which often exceed twenty volume 
percent, in the glassy rims of Loihi basalts [Moore et al., 1982; 
Hawkins and Melchior, 1983; Frey and Clague, 1983; Sarda et al.,
1988] , is clear testimony to the phenomenon of bubble formation.
The solubility controlled elemental fractionation associated with
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the transfer o f noble gases between the melt and vesicles during 
bubble formation, will be recorded in the elemental ratios of the 
noble gases trapped in the chilled glassy rims of the erupted lava, 
provided that some fraction of the gas which exsolved from a given 
melt volume was physically separated from that melt volume. This 
separation may occur by loss o f some fraction o f the gas from the 
vesicles during and following eruption. Evidence for this process 
has been found by Kurz et al. [1983], and Rison and Craig [1983], 
who argue, on the basis of low He abundance in vesicles, for loss of 
He from Loihi samples showing high vesicularity. Buoyantly driven 
upward migration of bubbles could also cause separation of melt and 
bubbles and may result in volatile stratification within the magma 
chamber [Moore, 1979]. Sequential eruptions, which would sample 
various levels of the volatile stratified magma, would then result in a 
suite of lavas showing a range of elemental fractionation effects in 
the noble gases.
Irrespective of the precise details of the bubble formation and gas 
loss mechanism, we can still model the elemental fractionation 
effects. We define a fractionation factor, Fj, between the previously 
contaminated melt, Me, and the fractionated melt after bubble 
formation and gas loss, Mf, such that:
Fl = ('X/36Ar)Mf/  (iX/36Ar)Mc (2)
where (iX/36Ar)fvlf is the elemental ratio in Mf, and (‘X/36Ar)Mc is 
the elemental ratio in Me. By assuming that: (1) the separation of gas 
bubbles from the melt phase is a closed system, single stage, 
equilibrium process, and (2), the efficiency of subsequent gas loss is 
100 percent, it is possible to independently calculate the fractionation 
factor, F;, as a function of the degree of vesiculation, using the 
following equation [after Hart et al., 1985; Jambon et al., 1986]:
K(iX) [V* + (l-V*)K(36Ar)Po(T(/ r o)]
Fj = --------  x ----------------------------------------  (3)
[v* + (i-v*)K(iX)p0a y r 0)]
where V* is the degree of vesiculation (volume of vesicles /  total 
volume), p0 is the melt density at zero vesiculation (in g cm 3), Tc is 
the equilibration temperature, and T0 is the standard temperature 
(both in Kelvin). The Fj value is relatively insensitive to the exact 
choice o f po and Tc, and any error introduced by the use of 
estimated values is trivial compared with the much larger uncertainty 
in the ratio o f Henry's constants K/ix ^K^36Ar). The fractionation 
effect reaches a maximum given by Fmax = K(-ix /^K(-36Ar) at degrees 
of vesiculation above approximately 10 volume percent. Multiple 
stage gas separation and gas loss would lead to a distillation effect 
increasing the degree of elemental fractionation to greater than Fmax.
The fractionation so produced leads to elevated light/heavy noble 
gas ratios in the samples, and is shown in Figure 1 by the curve 
extending from the point 'Me' towards higher values o f F20. 
Numbers beside tick marks indicate degree of vesiculation (in 
volume percent) during bubble formation. The two data points 
KK23-3 and KK16-1 lie well within the uncertainty envelope of the 
fractionation trajectory. Thus, solubility controlled elemental 
fractionation can account for the spread of Loihi data in Figure 1. It 
is noteworthy that the sample showing the highest F20 and lowest 
Fc4 values (KK23-3), also has the lowest absolute abundances of 
20jqe , 36Ar, 84Kr, and 130Xe, consistent with a gas loss 
fractionation process.
We also performed similar calculations for the fractionation 
effects upon the 130Xe/36Ar ratio. Both the Loihi data and the 
calculated fractionation trajectory have the same form in F2(/ F 130 
space as that in Figure 1, but the observed data points show F j30 
values that are systematically higher than predicted from fractionation 
of seawater noble gases. These high ratios suggest the presence of 
an additional Xe rich component, possibly derived from old oceanic 
crust or seafloor sediment, both of which have F130 ratios 
significantly higher than that o f seawater [Staudacher et al., 1986],
K/Uand 4He/40Ar Ratios
Observed K/U ratios in Loihi samples are approximately 12,000 
[Rison and Craig, 1983; Staudigel et al., 1984], similar to MORB
K/U ratios of about 12,700, and are consistent with estimated bulk 
earth K/U ratios o f 5,000 to 14,000 [Jochum et al., 1983]. There 
appears to be minimal fractionation of K with respect to U during 
partial melting and fractional crystallisation of oceanic basalts 
[Jochum et al., 1983]. For the purposes of this discussion, we 
therefore assume the mantle source of Loihi magmas has a K/U ratio 
of about 12,000.
If Loihi magmas are derived from their source regions without 
atmospheric contamination or fractionation of the noble gases, then 
we can relate the K/U ratio o f the mantle source to the observed 
4He/40Ar ratios in Loihi samples via well known time integrated 
production rates of radiogenic 4He and 40Ar from parent U+Th and 
40K respectively. Taking an integration time for the accumulation of 
radiogenic 4He and 40Ar in the mantle source region of 4.5 Ga, then 
the 4He/40Ar ratio corresponding to a K/U ratio of 12,000 is about 
1.65 (assuming Th/U = 3). Choosing a shorter accumulation time 
will generate higher 4He/40Ar ratios, with the maximum 4He/40Ar 
ratio o f ~4.4 corresponding to the present day instantaneous 
production ratio. The calculated “^ He/^Ar ratio of 1.65 is therefore a 
minimum value for a mantle source having K/U = 12,000.
Observed 4Hc/4f)Ar ratios in Loihi samples are variable between 
0.07 and 6.2. However, of the eleven samples all but two (KK24-7 
and KK23-3) have 4He/40Ar ratios that are less than the calculated 
minimum of 1.65. The conclusion that the observed 4He/40Ar ratios 
o f Loihi samples do not in fact reflect the K/U ratio of the mantle 
source region of the Hawaiian plume seems inescapable; some 
additional process has lowered the 4Hc/t0Ar ratios of Loihi samples.
A plausible explanation for the low 4He/40Ar ratios observed in 
Loihi samples is that there has been addition of atmospheric 40Ar, 
without concomitant addition of atmospheric 4He, consistent with 
the very low abundance of He with respect to Ar in seawater. By 
assuming that all 36Ar in Loihi samples is derived from the 
atmosphere by contamination of the magma with seawater, and 
noting that seawater has an atmospheric 40A r/36Ar ratio, it is 
possible to correct the observed Loihi total 40Ar abundances for 
atmospheric contamination to obtain ^A r,,, (where'm ' denotes the 
mantle derived component). By further assuming that all the He in 
Loihi samples is mantle derived (i.e. 4He = 4Hem), we can then 
calculate 4H em/40Arm ratios for the Loihi source. This gives 
4H em/40A rm ratios that range from 3.1 to more than 23.5, 
significantly greater than the observed 4H e/40Ar ratios, and 
indistinguishable from observed 4H e/40Ar ratios in MORB 
(C^He/WAriMORB = 2.6 to 35.8, Hart et al. [1985]). Given that the 
K/U ratios of MORB and Loihi samples are similar, the first order 
similarity in the observed 4H e/40Ar ratios in MORB and the 
calculated 4Hem/40Arm ratios in Loihi samples is consistent with the 
suggestion that the addition of atmospheric 40Ar has lowered the 
4He/40Ar ratios in Loihi samples.
Other Isotopic Systems
Previous authors [Lanphere, 1983; Staudacher et al., 1986] have 
noted that Sr isotopic ratios, and Th activity ratios, do not indicate 
interaction of Loihi magmas with seawater. However, owing to their 
insolubility in aqueous media, these elements, as well Nd and Pb, 
are depleted in seawater compared with oceanic basalts by between 
three and six orders o f magnitude [Taylor and McLennan, 1985]. 
Thus Sr and Th, like He, are likely to be effectively decoupled from 
the heavy noble gases during interaction of Loihi magmas with 
seawater.
The efficiency of this decoupling can be demonstrated by 
comparing the change in the isotopic composition of Sr with that of 
Ar caused by simple addition of seawater to a mantle-derived 
magma. Taking Pacific N-Type MORB as the mantle composition 
((8TSr/86sr)m ~ 0.70254 [Ito et al., 1987]; [Sr]m ~ 90 ppm [Sun 
and McDonough, 1989]; (40Ar/36Ar)m -  10,000 and [Ar]m -  8 x 
10'7 cm3STP g 1 [Allfcgre et al., 1986]), and typical seawater 
((87Sr/86Sr)sw  ~ 0.70906 [Faure, 1986]; [Sr]sw  ~ 7.6 ppm [Taylor 
and McLennan, 1987]; ( ^ A r / ^ A r ) ^  = 295.5 and [Ar]sw  ~ 3.7 x 
10'4 cm3STP g '1 [Allögrc et al., 1986]), it can be shown that the
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water/rock mass ratio for interaction between seawater and magma 
required to cause a measurable shift in the 87Sr/*6Sr ratio of the 
magma (i.e. to alter the Sr isotopic composition by 0.00005, the 
typical limit of precision of Sr isotopic determinations) must be 
greater than 0.1. This water/rock ratio is sufficient to lower the 
40Ar/36Ar ratio in the magma from 10,000 to approximately 400, 
similar to the observed values in Loihi samples.
Conclusions
fi
2
V*
'  r
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A plausible hypothesis to explain the Ne, Ar, Kr, and Xe data in 
samples from Loihi Seamount is interaction of seawater with magma 
prior to eruption. The possibility of interaction of magma in magma 
chambers or conduits with seawater has the important implication 
that the heavy noble gas data may not be representative of the noble 
gas composition of the Loihi mantle source region.
Earlier workers [Kaneoka 1983; Staudachcr et al., 1986; AI legre 
et al., 1986; Sarda et a l, 1988] have claimed that the Loihi noble gas 
data are representative of the mantle source region of the Hawaiian 
plume. They dismissed the possibility that atmospheric 
contamination is important in Loihi samples on the basis of: (1) the 
primitive isotopic compositions of the He trapped in Loihi samples, 
A’ß )  the mantle-like Sr and Th isotopic results from Loihi samples, 
y  which do not show evidence for a seawater component in the Loihi 
samples, and (3), the differences in the relative noble gas elemental 
ratios 20Ne/36Ar, 84Kr/36Ar, and 130Xe/36Ar between the Loihi 
samples and seawater. However, each of these observations can be 
accounted for within the seawater contamination and elemental 
fractionation hypothesis presented here. Nevertheless, it should be 
stressed that we can not and do not preclude the possibility that an 
atmospheric component exists in the mantle source of the Hawaiian 
plume, perhaps due to recycling through subduction systems. We 
wish simply to emphasise that atmospheric contamination is a viable 
hypothesis to explain the observed atmosphere-like noble gas 
compositions of Loihi basalts. Thus, models of mantle structure and 
solid earth-atmosphere evolution based on the assumption that the 
Loihi mantle source region has atmospheric Ne, Ar, Kr, and Xe 
compositions [e.g. Allbgre etal., 1983; Kaneoka, 1983; Allögre et 
al., 1986; Staudacher et al., 1986; Sarda et al., 1988], must be 
reconsidered. Until the problem of a mantle versus a secondary 
atmospheric origin for the heavy noble gases in Loihi samples has 
been resolved, arguments based upon an atmosphere-like heavy 
noble gas composition for undepleted mantle should be viewed as 
speculative, radier than as constraints to which other evidence must 
conform.
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Possible solar noble-gas 
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The noble-gas elemental and isotopic composition in the Earth 
is significantly different from that of the present atmosphere, and 
provides an important clue to the origin and history of the Earth 
and its atmosphere. Possible candidates for the noble-gas composi­
tion of the primordial Earth include a solar-like component, a 
planetary-like component (as observed in primitive meteorites) and 
a component similar in composition to the present atmosphere. In 
an attempt to identify the contributions of such components, we 
have measured isotope ratios of helium and neon in fresh basaltic 
glasses dredged from Loihi seamount and the East Rift Zone of 
Kilauea1-3. We find a systematic enrichment in 20Ne and 21Ne 
relative to 22Ne, compared with atmospheric neon. The helium and 
neon isotope signatures observed in our samples can be explained 
by mixing of solar, present atmospheric, radiogenic and 
nucleogenic components. These data suggest that the noble-gas 
isotopic composition of the mantle source of the Hawaiian plume 
is different from that of the present atmosphere, and that it includes 
a significant solar-like component. We infer that this component 
was acquired during the formation of the Earth.
Non-atmospheric Ne isotope ratios and coexisting primordial 
3He have previously been identified in basaltic glasses and 
volcanic gases from mid-ocean ridges4' 6, from the Hawaiian5,7 
and Yellowstone8 hotspots, and from diamonds9'10. In par­
ticular, the Ne results5 from mid-ocean-ridge basalts (MORBs) 
lie on a straight line in a three-isotope plot of 20N e/22Ne and 
21N e/22Ne, with one endmember being atmospheric Ne and the 
other endmember enriched in 20Ne and 21Ne relative to 22Ne 
(Fig. la ). To determine whether a similar Ne correlation can 
be identified in samples from a so-called undepleted mantle 
source, we have measured Ne isotope ratios in 18 samples from 
the Loihi seamount and the East Rift Zone of Kilauea; the 
results are shown in Figs la, b. The Ne results from the Loihi- 
Kilauea (L-K) samples form a linear array, which has a dis­
tinctly different slope from both the MORB line and the mass- 
fractionation line, all lines passing through atmospheric Ne. 
Individual samples are enriched in 20Ne and 21 Ne by as much 
as 16% with respect to atmospheric ratios. Similar Ne isotope 
anomalies have been reported by Sarda et al.s in two samples 
from the Loihi seamount, whereas the rest of their seven samples 
showed atmospheric Ne isotope ratios, within the uncertainties.
The L-K samples with atmosphere-like Ne generally have 
large Ne gas concentrations, consistent with a significant degree 
of atmospheric contamination of the magmas before eruption11. 
The correlation lines shown in Fig. 1 can be interpreted as 
mixing lines between present atmospheric Ne as a common 
endmember, and non-atmospheric components in the L-K and 
MORB samples, which are derived from mantle sources charac­
terized by different proportions of non-atmospheric com­
ponents.
Non-atmospheric neon components that have been identified 
include solar, planetary, nucleogenic and spallogenic12. None 
of these, however, lie directly on either the L-K or MORB 
correlation lines. Thus, to explain the enrichment of 21Ne and 
20Ne in the mantle sources for the L-K and MORB samples, it 
is necessary to mix at least two distinct non-atmospheric com­
ponents. The two most likely candidates are nucleogenic and 
solar Ne. Nucleogenic 21Ne, produced by the lsO(a, n)21Ne and 
24Mg(n, a )21Ne reactions from local decay of U and Th, elevates 
21N e/22Ne ratios, whereas there are no known nucleogenic
o Solar
MORB
0.06 0.070.03 0.04
0.032 0.034 0.0360.030
21Ne/22Ne
FIG. 1 Three-isotope plots for neon. Atmospheric (Air) and solar values are 
shown, as well as the mass-fractionation line (mfl) for atmospheric Ne. Small 
open squares show results from MORBs5. Large open squares are our 
unpublished MORB data (uncertainties within symbol). The MORB correlation 
line is as given by Sarda et a/.5. Open and filled circles are data from 18 
Loihi and Kilauea basalt glass samples, respectively, shown a, without 
uncertainties and b, with uncertainties (lcr). The solid line in b is the best-fit 
regression line calculated from results from 26 measurements on 18 
samples, and includes 15 results based on step-heating experiments and 
11 datum points derived from fusing samples directly at 1,500 °C.
reactions that produce significant amounts of 20Ne (ref. 12). 
Solar Ne is the only known component that has a 20N e/22Ne 
ratio (13.6) greater than the atmospheric value (9.8) and greater 
than the 20N e/22Ne ratios observed in the L-K and MORB 
samples (Fig. la ). We therefore suggest, as a working hypothesis, 
that the Ne compositions of L-K and MORB samples arise 
from the mixing of three Ne components: solar, nucleogenic 
and atmospheric (Table 1).
By defining a unique Ne isotopic composition for each of 
these three components, we can deconvolve the relative contri­
bution of each of the components in the samples. For this 
purpose, we consider only the L-K samples with Ne isotope 
ratios differing by more than two standard deviations from 
atmospheric values, as listed in Table 1. We estimate nucleogenic 
21Ne (hereafter 21Nen) and solar 22Ne (hereafter 22Nes) from 
the L-K samples (see footnote to Table 1) and compare the 
amounts of 21Ne„ and 4He. We make the reasonable assumption 
that all of the observed 4He is produced from the decay of U 
and Th. Calculated 21Nen/ 4He ratios from the majority of L-K 
samples (Table 1) are close to the estimated production ratio 
of 1 x 10-7 (ref. 13). This is consistent with the hypothesis that 
the excess 21 Ne and most of the 4He have been produced in the
2TABLE 1 He and Ne isotopic compositions of quenched basaltic glasses from Loihi seamount and East Rift Zone of Kilauea
4He 3He/4He 22Ne 21Ne„t 21Nen/ 4Het
Sample* (10-9 cm3 STP g -1) (IO’ 6) (10~12cm3 STPg'1) 2°Ne/22Ne 21Ne/22Ne (10-15 cm3 STP g_1) (10-7) 22Nes/21Ne„t
Loihi KK-29-4-a
(1.088 g; 3.4%)
600 °C 47 (1) [0.27] 44.0 (8) 1.0(1) [0.34] 10.97 (44) 0.0322 (33)
1,500 °C 156 (1) [0.271 45.7 (8) 19.0(1) [0.34] 10.81 (4) 0.0314(7)
Total 203 (1) 45.3 (6) 20.0 (2) 10.82 (4) 0.0314 (6) 32 (11) 1.6(6) 167 (60)
Loihi KK-29-4-b
(2.020 g; 3.4%)
600 °C 145(1) [0.28] 40.9 (6) 30.0 (3) [0.50] 9.80 (2) 0.0288(2)
700 °C 98(1) [0.281 38.2(5) 3.9(2) [0.50] 9.97 (1) 0.03j00 (9)
1,500 °C 355(4) [0.28] 37.4 (5) 19.6 (2) [0.50] 10.79(4) ■ 0.03^23 (8)
Total 598(4) 38.4 (3) 53.6 (4) 10.17 (2) 0.0302 (3) 51 (13) 0.9(2) 104 (27)
Loihi KK-20-2
(1.630 g; 5.2%)
600 °C 200 (2) [0.42] 39.4 (5) 43(1) [4.0] 9.97 (2) 0.0292 (3)
1,500 °C 767 (8) [0.42] 36.9(5) 90 (1) [4.0] 10.04 (2) 0.0296(2)
Total 968 (8) 37.4 (4) 133 (1) 10.01 (1) 0.0295(1) 41 (18) 0.4(2) 180 (77)
Loihi KK-26-4 
(1.074 g; 3.5%) 
Kilauea 1701
1,098 (73) [0.28] 30.5(4) 146(3) [3.2] 10.18 (2) 0.0309(2) 225(30) 2.0(3) 65(9)
' (1.006 g; 0.2%)
Kilauea 1712-a
9.4 (5) [0.48] 19.1 (1.1) 108 (6) [6.1] 9.99(3) 0.0303 (4) 125(42) 130(40) 43 (16)
(1.062 g: 0.5%) 
Kilauea 1712-b
548(5)10.36] 19.8(3) 40.0 (1.3) [5.6] 10.88 (6) 0.0324 (5) 100 (18) 1.8(3) 113 (22)
(1.990 g; 0.5%)
600 °C 102 (1) [0.24] 21.5(3) 13.6 (3) [1.6] 10.44 (4) 0.0313(5)
1,500 °C 284 (3) [0.24] 19.1(3) 36.1 (3) [1.6] 10.57 (2) 0.0320(2)
Total 386(3) 19.7 (2) 49.7 (4) 10.53(2) 0.0318(2) 110 (9) 2.8 (2) 87 (8)
Kilauea 1706
(1.062 g; 0%) 10.4 (1) [0.36] 18.3 (8) 94.4 (1.9) [5.7] 10.05(3) 0.0305(4) 125(33) 120 (30) 50(13)
Atmosphere! 1.4 9.80 0.0290
Solar! 400 13.6 0.032
Nucleogenic§ 2.5 32
He and Ne, extracted from 1 to 2 g samples of thin (2-5 mm) glassy rims of dredged pillow basalts, were analysed using a VG5400 mass spectrometer fitted with a Nier-type 
electron bombardment source. Rare phenocrysts were removed from the glass. Helium was separated from Ne on activated charcoal at 50 K and measured relative to the 
Yellowstone *Mud volcano standard (*He/^He—2,28x10—®). Neon Was separated from the heavier noble gases a t  125K and measured relative-to atmospheric neon. Results 
were corrected for small interferences from 40Ar2+, COl+ and hJ80 +. The hot blanks (1,500 °C) for 4He and 22Ne were in the range 3-6 xlO" 10 and 0.4-6 xlO -12 cm3 STP, 
respectively. An average of the hot blank measured before and after each sample was used for the hot-blank subtraction. Blank 4He and 22Ne amounts for individual runs are 
shown in square brackets. Blank He isotope ratio was assumed to be atmospheric. The average Ne isotope ratios of the blanks, determined from 40 runs, were atmospheric 
within uncertainties (2oNe/22Ne=9.92±0.09, 21Ne/22Ne=0.0291 ±0.0005), and these values were used for Ne hot-blank subtraction. Quoted lcr errors on the last significant 
figure(s), shown in parentheses, include uncertainties in the correction factors for mass discrimination and sensitivity determined by repeated analysis of the standard gases, as 
well as uncertainties in the blank correction and interference corrections in the case of Ne. Unless extraction temperatures for step-heating are tabulated, samples were totally 
fused at 1,500 °C. Technical details will be published elsewhere. To demonstrate the reproducibility of our Ne isotope measurements, samples Loihi KK-29-4 and Kilauea 1712, 
which show the highest anomalies in our data set, were measured in duplicate.
* Except for one transitional basalt glass sample, KK-26-4, all samples are tholeiitic in composition. Sample weight used for noble gas analysis and vesicularity in % (cm3 per 
total cm3) are shown in brackets.
t  The stated compositions of the three Ne endmembers; atmospheric, nucleogenic and solar, were used to calculate nucleogenic 21Ne (21Nen) and solar 22Ne (22Nes) from the 
observed Ne isotope ratios. The three endmember mixing equations used for the deconvolution are ('Ne/22Ne)obsarved=/(('Ne/22Ne),m,OSpheri- + f(,Ne/22Ne)I,llC|eoeen|C + 
m('Ne/22Ne)SOia(, where k, I and m are the fractional contributions of each endmember to the reference isotope 22Ne, f c+/+m = 1, and 'Ne=2°Ne or 21Ne.
!  ref. 12 and references therein.
§ ref. 13.
Earth by radioactive processes over geological time. The similar­
ity between the estimated production ratio and the 21Nen/ 4He 
ratios calculated for the L-K samples further indicates that there 
has been no substantial elemental fractionation between He and 
Ne since the mantle source region for the L-K samples became 
isolated. As isotope fractionation is likely to occur only under 
more extreme physical conditions than elemental fractionation, 
this lack of evidence for elemental fractionation suggests that 
isotope fractionation of Ne is unlikely to have occurred. The 
21Nen/ 4He results from samples Kilauea 1701 and 1706 differ 
significantly from the production ratio; these can be explained 
by preferential He loss from the samples before and/or during 
eruption, as indicated by their low He abundances compared 
with He abundances in other samples.
If the Earth’s primordial composition was solar, then we 
expect to see a correlation between the Ne and He isotope 
systematics. This is because the bulk of the Ne, after the subtrac­
tion of atmospheric Ne, would be primordial, and 3He is believed 
to be primordial14, and both 21Nen and 4He are the products of 
radioactive processes having a unique 4H e/21Nen production 
ratio13.
Under this hypothesis, the slopes of the Ne mixing lines in 
Fig. 1 are a function of the ratio of solar Ne to nucleogenic
21Ne in the mantle, and the amount of 21Nen is a function of 
the U and Th content of the sources. Thus, the steeper slope of 
the L-K line compared with the MORB line in Fig. 1 indicates 
that the L-K source is enriched in solar Ne with respect to 21Nen 
in comparison with the MORB source, and must therefore have 
a higher solar Ne to U + Th ratio. In a similar fashion, the 
3He/4He ratios observed in L-K samples are higher than MORB 
samples ((R /R a)L_K= 13-35, (R /R a)MORB“ 9; where R / R a = 
(3H e/4H e)/(3H e/4He)air; this work and refs 5,7,14-16), indicat­
ing that the ratio of primordial He to U + Th for the L-K source 
is, like the solar Ne to U + Th ratio, higher than that of the 
MORB source. In this context, we point out that Ne isotope 
results obtained from fluids associated with the Yellowstone 
hotspot8 lie on a mixing line quite similar to that of the L-K 
samples, and that the 3H e/4He ratios observed in Yellowstone 
samples are as much as 16 times the air value.
Calculated ratios of primordial 22Nes to 2lNen from the L-K, 
MORB5 and diamond samples10 are plotted against measured 
3He/4He ratios in Fig. 2. Although there is some scatter of the 
data, especially for the L-K samples, because of the large 
corrections for atmospheric contamination, there is a clear corre­
lation between 3H e/4He and 22Nes/ 21Nen ratios. Because both 
axes represent isotope ratios, the slope of a line in such a diagram
3J  3e-5
to 2e-5
22Nes / 21 Nen
FIG. 2 Measured 3He/4He ratios plotted against the calculated solar 
22Nes/nucleogenic 21Nen results for the L-K (circles), MORB (open squares)5, 
and diamond samples (filled squares)10. From the slope of the best-fit line 
we estimate 3Fle/22Nes ratio of 3.7 ± 1.4, assuming a 21Nen/ 4He production 
ratio of l x  10“7.
is independent of any elemental fractionation. Given that both 
4He and 21Nen are products of the radioactive processes associ­
ated with the decay of U and Th, the slope S of the line is a 
function of the 21Nen/ 4He production ratio and the primordial 
3He/22Nes ratio, being given by S = (3He/22Nes)(2lNen/ 4He). 
Taking the estimated 21Nen/ 4He production ratio of 1 x 1(T7, 
we calculate a primordial 3He/22Nes ratio of 3.7 ± 1.4, which is 
indistinguishable from the solar ratio of 3.3 observed in solar 
wind12, but is distinctly different from the planetary ratio of 0.3 
observed in meteorites12.
Hence, our working hypothesis that three-endmember mixing 
can account for the Ne isotope anomalies seems to be internally 
consistent. Our three-endmember mixing model is only one of 
a number of possible interpretations (see, for example, Sarda 
et al.5), but for reasons that will be discussed elsewhere, we 
believe that these alternative interpretations are inconsistent 
with our data. Thus, we conclude that the noble-gas composition 
in the mantle is distinctly different from that of the present 
atmosphere and that it involves a significant solar component. 
We further infer that the primordial noble-gas composition of 
the Earth is likely to be solar, and that evidence for this solar 
component remains in the mantle, even though there are strong 
reasons for believing there was extensive outgassing of the Earth 
soon after its formation (see, for example, ref. 17). □
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CONTAMINATION OF LOIHI MAGMAS WITH ATMOSPHERE 
DERIVED NOBLE GASES: A REPLY TO COMMENTS BY 
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Introduction
Presently available data indicate that the heavier noble gases 
(Ne, Ar, Kr and Xe) observed in the glassy rims of 
submarine pillow basalts from Loihi Seamount have isotopic 
compositions that are similar to those of the atmosphere 
[Allegre et al., 1983; Staudacher et al., 1986; Sarda et al., 
1988]. These results may be interpreted in at least two ways: 
(1) The heavier noble gases in the mantle source of the 
Hawaiian plume may have an atmosphere-like isotopic 
composition. This requires that after correction for radio-, 
fissio-, and nucleogenic components, the primordial earth had 
a noble gas isotopic composition similar to that of the present 
day atmosphere, or, there has been significant addition of 
atmospheric noble gases to the plume mantle source through 
subduction or other recycling processes. (2) Alternatively, an 
atmosphere-derived component of heavy noble gases may 
have been incorporated in Loihi magmas from downward 
percolating seawater as the magma ascends through crustal 
magma chambers and conduits, or by direct interaction with 
seawater following eruption on the seafloor.
We recently demonstrated [Patterson et al., 1990] that a 
simple model of interaction between seawater and magma 
(interpretation (2) above) is a viable mechanism to explain the 
tSötöpic and- elemental compositions of the heavier noble 
gases in Loihi basaltic glasses. We also noted that the Xe/Ar 
ratios of these samples are too high to be explained by such a 
simplistic model and indicated that another, Xe-rich, 
component must also be involved. We further noted that we 
could not prove the contamination model, nor could we find 
any definitive test that would allow us to distinguish between 
the two interpretations. Thus we concluded that at present 
both models must be considered as possibilities, and the 
geochemical implications of both should be explored. This is 
in direct conflict with Staudacher et al. [1986] and Sarda et al. 
[1988] who claimed to have shown that seawater-magma 
interaction is limited. Notwithstanding the most recent 
assertions of Staudacher et al. [1991] we maintain that it is not 
possible to distinguish unambiguously between these two 
interpretations. Addition of a seawater-derived component of 
atmosphere-like heavy noble gases to the Loihi magmas is 
perhaps the simplest explanation of the observations.
Although Staudacher et al. [1991] discount the seawater- 
magma interaction model, we shall demonstrate that their case 
remains equivocal. The conclusion of Patterson et al. [1990] 
that the addition of an atmospheric component to Loihi 
magmas during their ascent through the oceanic crust is a 
reasonable hypothesis to explain the observed atmosphere-like 
noble gas compositions of Loihi basalts remains valid.
Stepwise heating and crushing versus whole rock analysis
Staudacher et al. [1991] point out that the noble gases 
released at low temperature during stepheating of a sample are 
likely to include a component of surface-correlated
Copyright 1991 by the American Geophysical Union.
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atmospheric gases. Although this is agreed, there are 
difficulties in utilising only high-temperature stepheat data. 
This is because stepheating experiments may cause elemental 
fractionation of the noble gases owing to differences in the 
temperatures at which each of the noble gases is released. 
Evidence for this is seen in the Loihi data, as the F84 and F130 
ratios (where F; = (iX /36A r)/(iX /36A r)air) of the gases 
released from the basalt glasses at 1600°C are generally much 
higher than found for the gases released in the low and 
intermediate temperature steps (700°C and 1100°C, 
respectively); i.e., the lighter noble gases have higher 
diffusivities in basaltic glass and tend to be preferentially 
degassed from the samples at lower temperatures. Indeed, in 
one Loihi sample (KK-24-7, Staudacher et al. [1986]), this 
effect is so extreme that all of the Ne, but none of the Kr or 
Xe, was liberated at the lowest temperature step 700°C. Thus, 
to consider only the high temperature data, as Staudacher et 
al. [1991] have done, introduces an artificial bias to the data 
which can be misleading. For this reason we choose to 
consider the total gases released during stepheating. We 
concur with Staudacher et al. [1991] that gases liberated from 
glass samples by vacuum crushing are likely to contain only a 
minor surface correlated component; we discuss the vacuum 
crushing data in the next section.
Elemental fractionation through interaction of seawater and 
basaltic melt
In Figure 1, for comparison we plot the elemental ratios of 
the noble gases released by complete fusion (as discussed in 
Patterson et al. [1990]), released at high temperature 
(>1100°C) during stepheating experiments, and released by 
vacuum crushing. Mcj denotes the modelled F22 and Fg4 
ratios of noble gases dissolved in a basaltic magma that has 
equilibrated with a vapor phase having noble gas elemental 
ratios similar to seawater, using the Henry's constants for 
noble gases in basaltic melts as determined by Lux [1987] 
(note that Mcj is equivalent to Me in Patterson et al. [1990]). 
The modelled elemental fractionation of the heavy noble gases 
remaining in the melt phase after exsolution of a separate gas 
phase (i.e. after bubble formation within a magma) is shown 
by the curve extending from Mcj towards higher values of 
F22. Unlike Staudacher et al. [1991], we have combined the 
noble gases released in the 1100“C and 1600°C temperature 
fractions in an attempt to minimise the effects of possible 
elemental fractionation of the noble gases associated with the 
stepheating experiments.
Staudacher et al. [1991] point out that when considering the 
noble gases released in the high temperature steps and by 
vacuum crushing, many of the Loihi data points are not in 
agreement with the modelled composition Mcx as calculated in 
Patterson et al. [1990], In reality, however, only one point 
(KK 15-4) plots outside the general elemental fractionation 
trend predicted by Patterson et al. [1990]. Indeed, the overall 
agreement between the observed elemental noble gas ratios 
and the modelled fractionation trend of Patterson et al. [1990] 
is somewhat improved by considering only the noble gas data 
from the high temperature stepheating experiments and 
vacuum crushing.
In Figure 1 we also show the point Mc2, the modelled 
noble gas elemental composition of a basaltic melt that has
749
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Fig 1: F22 versus F84 plot for noble gas released from Loihi 
basalt glasses by total fusion (small open circles), high 
temperature (>1100°C) step heating experiments (small closed 
circles), and vacuum crushing (crosses). Data from 
Staudacher et al. [1986] and Sarda et al. [1988], F22 = 
(22N e/36Ar)sampie /  (22Ne/36Ar)Air, F84 = (84Kr/36Ar)sample /  
(84K r/36A r)Air. In the case o f total fusion and high 
temperature stepheat data, error bars are plotted only when 
they exceed the size of the symbols by more than a factor of 
two; error bars for the vacuum crushing data are not shown to 
preserve clarity. Mcj and Mc2 denote the modelled noble gas 
elemental composition of a basaltic melt that has equilibrated 
with seawater, calculated using the Henry's constants of Lux 
[1987] and Jambon et al. [1986], respectively. Error bars 
shown for Mcj and Mc2 are calculated on the basis of the 
stated reproducibility of the Henry's constants used. Curved 
line extending from Me! towards higher values of F22 is the 
elemental fractionation of the noble gases in the liquid phase 
of a melt plus vapor phase mixture as defined in Patterson et 
al. [1990]. Numbers indicate the volume percent of the vapor 
phase (i.e. volume bubbles /  total volume) at equilibrium. 
Dotted lines define the uncertainty envelope associated with 
calculation of the fractionation trajectory, calculated assuming 
Mcj as the melt composition prior to exsolution of a separate 
vapor phase. This error caculation includes the uncertainty 
propagated from the error in the point Mcj.
equilibrated with seawater, recalculated using the Henry's 
constants for the heavy noble gases in basaltic melts as 
determined by Jambon et al. [1986], The differences between 
the modelled melt compositions Mcj and Mc2 presumably 
reflect the analytical difficulty in determining Henry's 
constants for noble gases in silicate melts. Some of the 
variation between Mcj and Mc2 may also arise from the 
dependence of the Henry's constants on the composition of 
the silicate melt [Lux, 1987]. Recognising these uncertainties 
leads us to argue that any data points plotting within the fields 
of either Me! or Mc2 are consistent with the arguments 
presented by Patterson et al. [1990]. Figure 1 shows that 
when we consider both Mcj and Mc2, and allow for the 
elemental fractionation associated with partitioning of noble 
gases between melt and vapor phases during bubble formation 
(discussed in more detail below), then, with the exception of 
one result (KK 15-4), the data are consistent with the 
seawater interaction model o f Patterson et al. [1990]. We 
emphasise that this is true irrespective of whether we consider 
the noble gases released from the samples by complete fusion, 
by high temperature stepheating, or by vacuum crushing.
Elemental fractionation owing to bubble formation and gas 
, loss
Staudacher et al. [1991] have misunderstood the meaning 
of the fractionation curve related to bubble formation and gas 
loss shown in Figure 1. This curve shows the solubility 
controlled fractionation of the noble gases which remain in the 
melt phase alone. Owing to their low solubilities in basaltic 
melts [Jambon et al., 1986; Lux, 1987], most of the noble 
gases will partition into the vapor phase, and the amount of 
gas left as a residuum in the melt phase will be relatively small 
in comparison to that in the vapor phase. Because the noble 
gases released from basalt samples during stepheating 
experiments normally will be a mixture of gases from both the 
glass and the vesicles, it follows that a high proportion of the 
gas in' the vapor phase must be lost from the sample (i.e. 
degassed) before the small amounts of residual frationated 
noble gases in the glass can be observed during stepheating 
experiments. Simple two-component mixing calculations 
show that for a basaltic sample where the ratio of bubble 
volume to total volume was 50% (i.e. V* = 0.5, where V* = 
volume o f vapor phase /  total volume of vapor plus melt), 
greater than 99.9% of the noble gases in the vapor phase must 
be lost before the F22 ratios o f the gases released during 
fusion of the sample will reach values of F22 = 2. In the more 
extreme case where the fractional volume of the gas phase 
was 90% (V* = 0.9; the volume of gas is nine times that o f 
the melt phase at equilibrium) as suggested by Staudacher et 
al. [1991], greater than 99.99% of the gas in the vapor phase 
must be lost before the F22 ratios o f the gases released from 
the basalt samples will exceed two.
Staudacher et al. [1991] have implied that we believe that 
there has been little or no gas loss from the Loihi magmas 
prior to chilling to form a glass. Such an implication is quite 
incorrect and arises because Staudacher et al. [1991] fail to 
consider the effects o f retaining even 0.1% of the gases which 
partitioned into the gas phase (as discussed above); the F22 
ratios o f Loihi samples generally are not higher than 2 
probably because the degree of gas loss from the samples did 
not reach the extremely high values necessary (i.e. >99.9%). 
The 90% gas loss, which Staudacher et al. [1991] argue is 
likely to have occurred, is still too low to allow the 
fractionated gas frozen in the glass phase to be observed in the 
fusion data. In Figure 1, the sample having the highest F22 
ratios (KK 23-3) is also the sample which has the lowest 
absolute abundances of heavy noble gases, entirely consistent 
with the bubble formation and gas loss model presented in 
Patterson et al. [1990].
In conclusion, the arguments regarding the degree of 
bubble formation and gas loss presented by Staudacher et al. 
[1991] are largely irrelevant because of failure to take into 
account the extremely high degrees of gas loss, after bubble 
formation, necessary to observe the residual fractionated gas 
in the glass phase. We maintain that bubble formation and 
high degrees of gas loss are required to account for the 
elevated F22 ratios. It is stressed that even low F22 values are 
compatible with quite significant gas loss.
4He/40Ar Ratios
Patterson et al. [1990] noted that the 4He/40Ar ratios 
observed in the gases released by total fusion of Loihi basalt 
glasses are generally much lower than the 4H e/40A r  
production ratio for a mantle having a K/U ratio of 
approximately 12,000 (i.e. observed 4He/40Ar ratios less than 
the production ratio 1.6). Patterson et al. [1990] interpreted 
these observed low 4He/40Ar ratios to be the result o f the 
addition o f an atmospheric component having a low 4He/40Ar 
ratio of approximately 5 x 10’4 to the Loihi magmas. The low 
atmospheric 4He/40Ar ratio is, o f course, a function of the 
continuous loss o f helium to space. In contrast, Staudacher et 
al. [1991] argue that the observed low 4He/40Ar ratios are
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because of a surface-correlated atmospheric component which 
can be distinguished from vesicle gas by stepheating 
experiments. Even if we accept the suggestion of Staudacher 
et al. [1991] to consider only the 4He/4()Ar ratios of the gases 
released at higher temperature during stepheating experiments, 
then the observed 4He/40Ar ratios generally are lower than the 
production ratio. Thus, the 4He/40Ar ratios observed in the 
Loihi basalt glasses are consistent with addition of a 
component of atmospheric argon irrespective of which 
temperature fractions we consider; this is in agreement with 
the conclusions of Patterson et al. [1990]. We agree with 
Staudacher et al. [1991] that the 4He/40Ar ratios of the gases 
released by vacuum crushing are reasonably close to the 
assumed production ratio of 1.6, and that this appears to be 
evidence in favor of their case. There is an urgent need to 
increase the data base of only five vacuum crushing results 
because 4He/40Ar ratios of gases released by stepheating 
experiments of oceanic basalts show extreme variability.
High Xe/Ar ratios
We clearly stated in Patterson et al. [1990] that the F130 
ratios of Loihi glasses are systematically too high in 
comparison to those predicted by the simple seawater-magma 
interaction and bubble formation-gas loss model. This 
discrepancy is readily seen in Staudacher et al'.s Fig. 2a and 
2b. It is gratifying that Staudacher et al. agree that the high 
Fjjo ratios must be the result of the addition of a Xe-rich 
component. We think it is unlikely that the excess Xe is 
derived from a MORB source, as defined by the ratios 
observed in a MORB popping rock [Staudacher et al., 1991; 
Sarda and Graham, 1990], because the Loihi samples with 
high F130 ratios do not show the high 40Ar/36Ar ratios we 
would expect if the Xe-rich component was derived from the 
MORB mantle.
Regardless of the ultimate source of the high F i3q values,—  
their existence does not disprove the seawater interaction 
hypothesis of Patterson et al. [1990]. Indeed the observation 
of very high F130 ratios in oceanic basalts poses a problem 
and we should admit that at present no model can 
satisfactorily account for these high ratios.
Summary and conclusions
(1) Stepheating data must be used carefully in discussions of 
elemental ratios because of the problem of experimentally 
induced elemental fractionation of the noble gases. 
Nevertheless, even if we accept the suggestion of Staudacher 
et al. only to consider high temperature data (see Figure 1), 
this in no way weakens the arguments presented earlier by 
Patterson et al. [1990].
(2) The elemental fractionation of the noble gases during 
bubble formation will only be observed in those samples that 
have undergone extreme degrees of gas loss from the vesicles 
exceeding 99.9%. Thus, Staudacher et al. are incorrect when 
they claim that the observed F22 ratios indicate that there has 
been no gas loss from the samples; F22 ratios between 1 and 2 
are quite compatible with degrees of gas loss from the vesicles 
of at least 90%. We believe that the observed F22 and F84 
ratios are well explained by the seawater - magma interaction 
model.
(3) We have always acknowledged that the simple seawater 
interaction model can not account for the high Xe/Ar ratios 
observed in Loihi basalts (see Patterson etal. [1990]), and we
have argued for an additional Xe-rich component, or for a 
process which enhances Xe abundances. Note that the 
correlation between high F i30 and high Fg4 ratios shown in 
Staudacher et al'.s Fig. 2b suggests that the Xe-rich 
component is also, though to a lesser extent, enriched in Kr. 
Such a component could account for the few samples which 
have anomalously high F84 values in Figure 1.
Thus Staudacher et al. [1991] have failed to exclude the 
possibility of interaction of seawater-derived noble gases with 
Loihi magmas as the source of the atmosphere-like noble gas 
isotopic compositions reported by Allegre e ta l. [1983], 
Staudacher et al. [1986] and Sarda et al. [1988]. We reiterate 
that seawater-magma interaction is a reasonable mechanism to 
introduce atmosphere-derived Ne, Ar, Kr and Xe into Loihi 
magmas. We concur with Staudacher et al. [1991] that the 
origin of the atmosphere-like component in submarine glasses 
is of critical importance to understanding the noble gas data 
from plume-related oceanic islands such as Hawaii. Future 
work in this field may help elucidate this important question, 
and allow us to confidently use the noble gas data from 
oceanic islands to constrain the evolution of the terrestrial 
mantle-crust-atmosphere system.
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1Enclosure
Derivation of mass balance equation 4.3 describing the distribution of 
noble gases between melt and vapour
The following enclosure derives an expression describing how the noble gases will be 
distributed between coexisting melt and vapour phases when an initially homogeneous 
melt undergoes exsolution of a separate gas phase during bubble formation. It will be 
shown from first principles that the previously published mass balance equations of 
Jambon et al. [1986] and Zhang and Zindler [1989] are effectively identical, and differ 
primarily in the choice of concentration units.
On the basis of mass balance between the initial and final states
Ni° = Njg + (1)
where Nj0, Njg and Njb are the number of moles of species "i" in the original melt before 
exsolution of a separate gas phase, in the melt after exsolution of a separate vapour 
phase, and in the vapour or bubble phase, respectively. On the basis of the ideal gas 
equation N;b can be defined as
Njb = P i Vb / R T m (2)
where Pi is the partial pressure of species "i" in the vapour phase (in atm), Vb is the 
volume of the vapour or bubble phase (in cm3), R is the Gas Constant (in cm3 atm K 1 
m ol'1) and Tm is the temperature of the melt at equilibration (in K). Substituting equation 
(2) into equation (1) yields
Nj° = Nig + Pi Vb / R  Tm (3)
Note that the units of all parts of equation (3) are in moles. Assuming that the mass of the 
gas phase will be negligible in comparison to the mass of the melt phase, it is possible to 
express equation (3) in units of mol g '1 by dividing through by the mass, thus
NjO/M = Nj g / M + Pj Vb / R Tm M (4)
Note that equation (4) is expressed in units of mol g"1, and is effectively identical to the 
mass balance equation as derived by Zhang and Zindler [1989]. In order to convert
2equation (4) to units of cm3STP g '1 it is necessary to multiply through by the volume of 
one mole of ideal gas at STP, Vm (where Vm = 22413.6 cm3 m ol'1), thus
N i°V m/M  = NigVm /M  + Pi Vb Vm / R Tm M (5)
Defining concentration as Q  = Nj Vm /  M (in cm3STP g '1) equation (5) can be simplified 
to
q° = q g  + PiVb Vm / R T m M (6)
which can be rearranged as
Q °  = Qg + (Vb / M ) ( V m / R ) ( P i / T m) (7)
Now, considering only the (Vb /  M) term; it is possible to define the fractional bubble 
volume at equilibrium, V*, as the volume of the bubble phase divided by the total volume 
of the melt plus bubbles system, i.e., V* = Vb / Vt (in cm3 cm '3) where Vt is the total 
volume of the bubbles plus melt. Noting that the density of the system (in g cm '3) is 
defined as p = M / Vt it follows that
V * / p =  (Vb/Vt)(Vt/M) = Vb/M  (8)
Substituting (V* /  p) for (Vb / M) in equation (7) gives
Ci° = Qg + (V* / p) (Vm / R) (Pj / Tm) (9)
Now turning to the Vm /  R term; the ideal gas equation can be written as
P0V = nRT0 (10)
where PQ and T0 are the standard pressure and temperature, respectively (defined as P0 = 
1 atmos, and T0 = 273 K), n is the number of moles, V is the volume, and R is the gas 
constant. Equation (11) can be rearranged thus
V / n R  = T0 / P 0 (11)
Because at standard temperature and pressure Vm = V / n, equation (11) can be written as
Vm/R = T0/P 0 (12)
This can easily be demonstrated to be true because; Vm = 22413.6 cm3 m ol'1, R = 
82.0562 cm3 atm K '1 m ol'1, P0 = 1 atm, and T0 = 273.15 K (0°C), thus
3Vm/R — 22413.6/82.0562 = 273.15
To/Po = 273.15/1 273.15
Substituting (T0 / PG) for (Vm / R) in equation (9) results in
Q° = Qg + (Pi/P0)(V */p)(T0/T m) (13)
Note that if Tm (the temperature of the melt at equilibrium) is replaced with Tc (the 
closure temperature of the glass) then equation (13) is identical to the mass balance 
equation as given by Jambon et al. [1986]. Thus, the mass balance equations of Zhang 
and Zindler [1989] and Jambon et al. [1986] (equations (4) and (13), respectively) are 
essentially identical and both are correct. The primary difference between these two 
previously published forms of this equation is that the Jambon et al. [1986] equation is 
expressed in terms of cm3STP g_1, whereas the Zhang and Zindler [1989] equation is 
expressed in terms of mol g_1. Note that although equation (13) does not expressly 
contain the Gas Constant R, it is still included in the equation since T0/ PQ = Vm / R.
The following section gives a full derivation of the equations listed in Chapter 4 
and Appendix A.l starting with the Jambon et al. [1986] form of the mass balance 
equation.
Derivation of equation (4.3) from the mass balance equation of
Jambon et al. [1986]
The mass balance equation of Jambon et al. [1986] (given above as equation (13)) can be 
written as
Q ° = Qg + 1/[(P0 /Pi)(p/V*)(TC/T 0)] (14)
and thus
1 + Qg (P0 / Pj) (p / V*) (Tc / T0)
Q ° = ------------------------------------------  (15)
(Po/Pi) (p/V*)(Tc /T 0)
Multiplying the right side of equation (15) by Qg / Qg = 1 yields
1 + [Qg (Po/Pi) (P/V*) (Tc /T 0)] 
Q° = Qg -------------------------------------------
Qg (Po/Pi) (p/V*) (Tc /T 0)
(16)
4which can be rewritten as,
Q8 Qg (Po/P.) (p/V*)(Tc /T0)
-----------------------------------------------  (17)
Q ° 1 + [Qg (P0 /  Pi) (p /  V*) (Tc /  T0)]
Recalling Henry's Law that
Ki = Qg/Pi (18)
where Ki is the solubility of species T in units of cm3STP g '1 a tn r1, equation (17) can 
be written as
Q8 Kj P0 (p /  V*) (Tc /  T0)
---------------------------------------  (19)
Ci° 1 + [ Kj P0 (p /  V*) (Tc /  T0)]
Note that equation (19) is almost identical to the mass balance equation given by Jambon 
et al. [1986] except that it includes the term for standard pressure PQ which is defined to 
be equal to unity (1 atm). Equation (19) can now be rearanged thus,
Q* ( l /V *)K iP0 p(Tc/T0)
----------------------------------------------------  (20)
Ci° 1+ [( l /V*)KiP0 p(Tc /T 0)]
Multiplying the right term of equation (20) by V*/ V* = 1 results in
Qg K iP oP (T c /T o)
Q °  V* + [Kj P0 p (Tc /T 0)]
(21)
Thus, equation (21) gives the fraction of the species T which resides in the melt phase 
after exsolution of a separate vapour phase. It is now possible to use equation (21) to 
write an expression describing the relative abundance of two different gas species 'i' and 
'j' in the melt phase 'g' after bubble formation, (Cj /  Q)g, thus
[Cj° Kj P0 p (Tc /  T0)] /  [V* + [Kj P0 p (Tc /  T0)]]
(C j/Q )g
[Q° /  Kj P0 p (Tc /  T0)] /  [V* + [Kj P0 p (Tc /  T0)]]
(22)
5which can be simplified as
V* + [KiP0 p (T c /T 0)]
(C j/Q )g  = (Cj /  Q )° (Kj/KO ----------------------------------  (23)
V* + [KjP0 p(T c /T 0)]
Thus, equation (23) provides a description of the relative abundances of two gas species 
T and 'j' in the melt phase after exsolution of a separate vapour phase, (Q  /  Cj)g, in 
terms of the intial relative abundances of T and 'j' in the melt prior to exsolution of a 
separate gas phase, (Cj /  Q )°, the relative solubilities of 'i' and 'j', (Kj /  Kj), the 
fractional volume of the vapour phase, V*, the bulk density of the system, p, and the 
equilibrium temperature, Tc. T0 and PG are the standard temperature (273 K) and pressure 
(1 atm), respectively.
It is now possible to expressly derive equation (4.3) of this thesis. Defining the 
fractionation factor fj as the relative abundances of T and 'j' remaining in the melt phase 
after exsolution of a separate vapour phase relative to the initial abundances of T and 'j' 
in the melt phase prior to exsolution of the vapour phase, thus
fi = (Cj /  Q)S /  (Cj /  Q )° (24)
It follows from equation (23) that the fractionation factor fi can be expressed as
(C j/Q )g  V* + [K iP0 p (T c / T 0)]
fi = -------------  = (K j/K O  -----------------------------------  (25)
(Cj /  Q )° V* + [Kj P0 p (Tc /  T0)]
However, the density of the system, p, varies as a function of the fractional bubble 
volume, V*. It is therefore useful to express the bulk density of the system in terms of 
the density of the melt before exsolution of the vapour phase, p0, and the fractional 
bubble volume, V*. It is simple to show that,
p = ( 1 - V * ) p 0 (26)
Because p = M / (Vb + Vg), p0 = M /  Vg, and V* = Vb / (Vb + Vg), where M is the mass 
of the system (assuming the mass of the gas in the bubbles to be negligible; see equations 
(4) and (5)), and Vb and Vg are the volumes of the bubble and melt phases, respectively. 
It is possible to demonstrate that equation (26) is true from the following,
6M /( V b + Vg) = [ l - (V b /V b  + Vg)](M/Vg) (27)
Therefore
Vg /  M = [(Vb + Vg) /  M] [1 - (Vb /  Vb + Vg)] (28)
[(Vb + V g)/M ]-(V b /M )
= Vg/M
Thus, equation (26) is true. Substituting equation (26) into equation (25) yields
V* + [ ( l -V * )K iP 0 po(Tc /To)]
fi = (Kj/KO x ----------------------------------------- (29)
V* + [ ( l -V * )K jP 0 po(Tc/To)]
If we now define the reference species T to be 36Ar, and the other species 'j' to be 
another noble gas ‘X, where ‘X is one of 22Ne, 84Kr and 132Xe, we finally get
V* + [(1 - V*) K(36Ar) Po Po (Tc /  To)]
fi = K(ix) /  K(36Ar) X --------------------------------------------------- (30)
V* + [ ( l -V * )  K(iX)PoPo (Tc /T 0)]
This is equation (4.3). Note the inclusion of the P0 term for standard pressure which is 
defined as 1 atmosphere.
Note added for completeness
The above discussion derived a series of equations descibing the fraction of species T 
which would reside in the mely phase after exsolution of a separate vapour phase. For 
completeness, the fraction of species *i' which resides in the vapour or bubble phase, Q b 
/ Q°, can be derived as follows.
Owing to mass balance, the fraction of gas in the melt and bubble phases must sum to 
one,thus
Nig/Ni° + Njb / Nj0 = 1 (31)
By assuming that the mass of the gas phase is neglible in comparison to the mass of the 
melt phase, equation (31) can be expressed in terms of concentration units (cm3STP g_1)
7
Q g /Q o + Q b /C i0 = 1 (32)
and therefore
Q b /C i° = 1 - Q g /Q o  (33)
Note that Q b is defined as the volume of 'i' (in cm3STP g '1) in the vapour phase divided 
by the mass of the melt phase. Substituting equation (21) into equation (33) yields
Cib KiP0 p(Tc /T 0)
------ = 1
Ci°
- ----------------------------------- (34)
V* + [KiP0 p(Tc /T 0)]
This can be rearranged as
Cib v*
Ci°
---------------------------------  (35)
V* + [KiP0 p(Tc /T 0)]
----- ----------------------------------------------- ■—  ------------------ — ----------------------- -----------------------------------------------------------------------------’--------------------  -
which gives the fraction of species 'i' which resides in the bubble phase.
In a similar fashion to equation (25) given above, the equation for the relative abundances 
of two different gas species 'i' and *j' in the bubble phase, (Cj /  Q )b can be shown to be
V* + [Kj P0 p (Tc / T0)]
(C j/Q )b (C j/Q )0
V* + [KjP0 p(Tc /T 0)]
(36)
